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Abstract 
Since the 19701s, several piscivorous birds and marine mammals in Alaska have declined 
numerically, coincident with oceanic regime-shifts and associated prey community changes. 
Red-throated Loons have similarly declined and this study supports the hypothesis that 
impoverished prey conditions are a potential mechanism that could reduce productivity by altering 
chick growth and survival. During 2002-2003, moderate-to-low energy fishes dominated the prey 
community. This potentially constrained parental ability to meet brood attendance and energy 
requirements. Two-chick broods were not fed at higher rates than single-chick broods and all 
two-chick broods were reduced, apparently from starvation of the younger sibling. Energy 
consumption also influenced first-hatched chick survival during week one, when both provisioning 
effort and attendance requirements were high. For chicks surviving this early period, sex 
influenced growth variation more than energy consumption. Overall, survival and growth 
performance measures were poorer than published findings, suggesting poor foraging conditions 
were a mechanism limiting productivity. 
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Chapter 1 
Introduction to Red-throated Loons in Alaska: 
Population Trends, Provisioning Behaviour, and a 
Hypothesis of a Prey-based Decline. 
Numerical Status of Red-throated Loons in Alaska 
This study was initiated in response to a report of declining Red-throated Loon (Gavia 
stellata) numbers in Alaska (Groves et al. 1996). All members of the loon family Gaviidae nest in 
the state and numbers of breeding loons have been monitored since 1971, including those in the 
Arctic Coastal Plain, added in 1986, as part of an annual North American waterfowl survey 
program. Red-throated Loons are the second most abundant loon species in Alaska, exceeded 
numerically only by Pacific Loons (G. pacifica; Groves et al. 1996). Both species are recorded in 
all habitats surveyed, although they are predominantly associated with coastal tundra habitats, 
leading to similar breeding distributions (Platte and Butler 1993), and they often nest on adjacent 
ponds. In contrast, most Yellow-billed Loons (G. adamsio are found on the Arctic Coastal Plain 
and Common Loons (G. immer) are most frequently found in interior, boreal habitats (Groves et 
al. 1996). 
Between 1977 and 1993, numbers of Red-throated Loons across Alaska declined by 
53% while numbers of sympatrically nesting loon species, including Pacific Loons, remained 
stable (Groves et al. 1996). More recent surveys suggest that numbers of Red-throated Loons 
are increasing, but they have not returned to historic levels (Figure 1 .I; USFWS unpublished 
data). All species of loons breeding in Alaska have similar nesting habits and likely overlap 
broadly during the non-breeding season, with distributions that extend from southeast Alaska to 
Baja California (Ruggles and Tankersley 1992, North 1994, Mclntyre and Barr 1997, Barr et al. 
2000, Russell 2002), and the western Pacific Ocean (unpublished data, Schmutz, USGS). 
However, unlike other loon species, Red-throated Loons rely heavily on the marine environment 
as a source of prey for provisioning their young during the pre-fledging period. Loons are thought 
to be long-lived (Nilsson 1977) and have a life-history strategy that emphasizes adult survival at 
the expense of reproductive output (Furness and Monaghan 1987). Therefore, the decline in 
numbers of Red-throated Loons in Alaska may be the result of changes in marine foraging 
conditions reducing reproductive success. The goal of this study was to consider this potential 
Year 
Figure 1.1 : Population trends of Pacific Loons (open symbols) and Red-throated Loons (closed 
symbols) between 1977 and 2004. Numbers of Pacific Loons surveyed annual have not changed 
significantly (average annual difference = 302 * 257 birds year -'; p = 0.25; R' = 0.05; n = 27), 
whereas Red-throated Loons have declined by an average -356 * 59 birds yeai l  (p < 0.0001 ; R' 
= 0.58; n = 27). Data are from the 7 boreal and 4 tundra strata surveyed annually in Alaska, 
excluding the Arctic Coast Plain. (Data courtesy of USFWS, Alaska.) 
mechanism for population change by investigating the relationship between energy consumption 
and growth and survival of Red-throated Loons chicks. 
Natural History of Red-throated Loons and a Potential 
Mechanism for Decline 
Nesting habits of Red-throated Loon are similar to those of other loon species in Alaska 
(North 1994, Mclntyre and Barr 1997, Barr et al. 2000, Russell 2002). Breeding territories 
contain one or more inland ponds and are vigorously defended against intrusion by conspecifics 
and congeners. Nests consist of a shallow depression on pond shorelines or islands, or on an 
emergent mound constructed from vegetation and mud. A clutch of typically two eggs is laid and 
incubated by both parents. Hatch is asynchronous and the semi-precocial young leave the nest 
shortly thereafter. However, chicks remain on the nesting territory for the duration of the pre- 
fledging period and they rely on both parents for brooding, protection from predators, and the 
acquisition, delivery, and partitioning of food. Brood reduction is common during the first two- 
weeks owing to the dominance and competitive advantage of the larger, first-hatched chick, likely 
resulting in starvation of the younger sibling (Davis 1972). 
Breeding failure is common during incubation and a wide range of avian and mammalian 
species are reported predators of loon eggs. In particular, Arctic Fox (Alopex lagopus) and Red 
Fox (Vulpes vulpes) are important egg predators and egg losses are higher during years of 
elevated fox abundance or when alternative prey is scarce (Dickson 1992, Eberl 1993, Schamel 
and Tracy 1999). Chicks are also vulnerable to avian predation before they have acquired 
adequate diving skills for escaping sustained attacks (Dickson 1993). However, Red-throated 
and Pacific Loon adults are able to defend their eggs and young from gulls and jaegers (Bundy 
1976, Eberl 1993, Russell 2002), and the much-larger Common and Yellow-billed Loons may be 
able to effectively defend against smaller mammalian predators (North 1994, Mclntyre and Barr 
1997). 
The unique chick-rearing behaviour of Red-throated Loons among the Gaviidae may 
account for their differential decline. Unlike the typical loon habit of providing fish and 
invertebrates from the nest pond (North 1994, Mclntyre and Barr 1997, Russell 2002), Red- 
throated Loon parents fly to nearby marine waters to collect and return with individual fish (Davis 
1972, Reimchen and Douglas 1984, Eriksson et al. 1990). While marine fish have a considerably 
higher caloric value than pond items on a per item basis, and Red-throated Loons would be 
required to provide fewer items to meet energetic needs of their young, foraging flights 
presumably represent a considerable cost for parents (Norberg and Norberg 1971). In addition, 
foraging flights require that adults spend time away from their brood, and under poor prey 
conditions some parents may be unable to coordinate their attendance behaviour, leaving chicks 
without guardians against predation (Bukacinska et al. 1996, Catry and Furness 1999). 
Whether parental provisioning is constrained by time or energy is uncertain, but some 
evidence suggests there is an upper limit on how much effort Red-throated Loons are willing to 
put into provisioning. In the Queen Charlotte Islands, British Columbia, parents met the 
increasing energy demand of their growing brood by increasing the size of fish delivered, but 
made fewer trips of longer duration and delivered prey at a lower rate (Reimchen and Douglas 
1984, 1985). Prey size likely plays a significant role in the energetic cost of provisioning flights 
and the upper size limit may be constrained by aerodynamic factors (Norberg and Norberg 1976). 
Parents also increased the number of deliveries only slightly when two chicks were present 
(Reimchen and Douglas 1984). This is in contrast to Sweden where broods of two received 
nearly double the number of fish per day (Eriksson et al. 1990). This may reflect differences 
between study sites in effort required to locate prey. 
The distance that parents must travel to forage also influences reproductive output. Pairs 
nesting closer to foraging areas produce more young on average than far-nesting pairs (Davis 
1972, Eberl and Picman 1993). Eberl and Picman (1 993) reported that parents of far-broods 
spent more time in flight yet provisioned their young at a lower frequency and experienced higher 
rates of brood reduction than near-broods. Brood reduction commonly occurred during the first 
two weeks when one adult was almost always present, leading the authors to conclude that 
reduction was likely due to starvation of the younger sibling (Eberl and Picman 1993). However, 
when broods of two were disturbed, each adult attended one chick on the pond (Eberl and 
Picman 1993) suggesting the presence of a single adult may be insufficient to protect a brood of 
two. 
Most studies conclude that the loss of the second chick is the result of starvation owing to 
the competitive advantage of the larger sibling for prey. However, it is not possible to conclude 
based on the available evidence if loss of the brood is the result of insufficient provisioning or 
inadequate protection against potential predators. What is clear is that other loon species are not 
faced with this trade-off when raising broods. If Red-throated Loons experienced an alteration of 
their prey base to one of lower quality and/or quantity, the dynamics of the provisioning and 
attendance trade-off would be affected. A lower quality or quantity of available prey fish would 
require parents to spend a longer time per foraging bout to locate items of greater value, or to 
make more deliveries of lower quality fish to meet energetic requirements. The decision will 
depend on several factors including the rate at which the parent is able to replenish its own 
reserves, the current energy state of the brood, and the predation risk associated with being away 
(Houston and McNamara 1985, Ydenberg 1994). Regardless of the decision, Red-throated Loon 
parents would be required to forage longer or work harder under impoverished prey conditions to 
sustain energy delivery and attendance and, based on their life-history strategy, reproductive 
output presumably would be sacrificed to ensure adult survival. 
Suggestion of a Prey-based Decline of Red-throated Loons in 
Alaska 
Concurrent Declines in Piscivorous Seabirds and Mammals in Alaska 
Many upper trophic-level marine predators in the North Pacific, including birds and 
marine mammals, rely on fish as a food source for self-feeding and for provisioning young 
(National Research Council 1996, Loughlin et al. 1999). Declines similar to that reported for Red- 
throated Loons have been reported in many of Alaska's piscivorous marine species (National 
Research Council 1996, Piatt and Anderson 1996, Agler et al. 1999). Many of these declining 
populations have been linked to a large-scale change in the composition of the local prey 
community to one dominated by demersal species (Decker et al. 1995, Anderson and Piatt 1999). 
These demersal fishes tend to be less valuable energetically than mature age-classes of pelagic 
fishes (Van Pelt et al. 1997, Anthony et al. 2000). This community reorganization has resulted in 
a reduction in reproductive performance for a number of marine piscivores (e.g., Decker et al. 
1995, Hunt et al. 1996, Hunt and Byrd 1999, NMFS 1998 cited in Loughlin et al. 1999). 
Variation in the quality of dietary fish has been demonstrated to have important effects on 
the growth, survival, and condition of piscivorous predators. Captive feeding and cross-fostering 
experiments have shown that low-lipid diets result in mass loss of juvenile Steller Sea Lions 
(Eurnetopiasjubatus; Rosen and Trites 2000), reduced deposition of energy reserves in Black- 
legged (Rissa tridactyla) and Red-legged Kittiwake chicks (R. brevirostris; Lance and Roby 2000), 
and lower rates of mass gain and elevated levels of corticosterone stress hormone in Red-legged 
Kittiwake chicks (Kitaysky et al. 2000). Black-legged Kittiwake adults provided with supplemental 
food experienced greater hatching and fledging success, were able to spend a greater proportion 
of time in brood attendance, and their second-hatched chicks grew more quickly (Gill et al. 2002). 
Under natural conditions, there is ample evidence suggesting that growth and survival of 
nestlings is responsive to variations in provisioning behaviour and fluctuations in the availability of 
energetically valuable prey. In Alaska, Pigeon Guillemots (Cepphus colurnba) with access to 
high-energy schooling fish experienced greater reproductive success compared to those foraging 
primarily on demersal fishes (Litzow et al. 2002), and Pigeon Guillemot nestlings provisioned with 
a diet containing larger proportions of high-energy fish experienced higher growth rates (Golet et 
al. 2000). This was particularly evident in the second-hatched chick. High energy value fish 
species tend to be more variable in abundance (Litzow et al. 2004), and during years of reduced 
abundance Pigeon Guillemots previously relying on schooling fish were able to supplement the 
diet of their nestlings with demersal fish resulting in lower growth rates of the second-hatched 
chick only, whereas Pigeon Guillemots without access to high energy fishes experienced a 300% 
increase in brood reductions when demersal fish became less available (Litzow et al. 2002). In 
addition, nestlings that received larger prey items on average, independent of energetic value, 
had a higher rate of survival, due in part to a reduced exposure to predators compared to the 
young of pairs making more frequent deliveries of smaller items (Golet et al. 2000). 
Similar responses have been recorded in provisioning Black-legged Kittiwakes in Alaska, 
which respond to declines in the availability of their preferred Pacific Herring (Clupea pallasi) prey 
by broadening their choice of prey items and by expending more energy by ranging further during 
foraging flights. In Prince William Sound, the result was a reduction in delivery frequency, and in 
the growth and survival of nestlings, particularly at colonies where alternative prey were 
apparently unavailable (Suryan et al. 2000, 2002). On the Pribilof Islands, growth rates did not 
differ in low-prey years compared to years of abundant prey, but reduced nest attendance may 
have contributed to lower breeding success (Kitaysky et al. 2000). In contrast, Thick-billed 
Murres (Uria lomvia) breeding on the Pribilof Islands did not show an increase in energy 
expenditure or a reduction in the percentage of pairs successfully fledging a chick during a year 
of low prey availability (Kitaysky et al. 2000). Instead, when prey abundance was reduced near 
the colony, adults made fewer deliveries and chicks grew at a lower rate. On a longer time scale, 
numbers of juvenile Pacific Herring in northern Prince William Sound increased between 1972- 
1997 compared to numbers in southern Prince William Sound and northern Black-legged 
Kittiwake colonies have grown due to greater reproductive output and an influx of birds from 
southern colonies where reproductive success has been poor (Suryan and Irons 2001). Similarly, 
declines in both Black-legged and Red-legged Kittiwakes (R. brevirostris) on the Pribilof Islands. 
between 1975-1 991 appear to be due in part to a reduction in the availability of high-energy 
fishes (Decker et al. 1995, Hunt et al. 1996). 
Outside of Alaska, a positive relationship between reproductive performancesuccess and 
the availability of high-quality fish prey has been reported in a wide range of species including 
Black-legged Kittiwakes (Harris and Wanless 1997, Hipfner et al. 2000, Rindorf et al. 2000), 
Atlantic Puffins (Fratercula arctica; Barrett et al. 1987), Arctic Terns (Sterna paradisaea; 
Monaghan et al. 1989), Common Terns (S. hirundo; Frank 1992), Common Murres (U. aalge; 
Vader et al. 1990, Rindorf et al. 2000, Davoren and Montevecchi 2003), European Shag 
(Phalacrocorax aristotelis; Rindorf et al. 2000), African Penguins (Spheniscus demersus), Cape 
Gannets (Morus capensis), Cape Cormorant (P. capensis), and Swift Terns (S. bergii; Crawford 
and Dyer 1995). Even young of the kleptoparasitic Arctic Skua (Stercorarius parasiticus) 
experienced depressed growth and fledging success when the seabirds they depend on for fish 
had reduced success in locating prey (Phillips et al. 1996). 
In summary, reduced access to high-quality prey clearly can result in a reduction in 
breeding attempts, nestling survival, growth rates, fledging success, and the probability of post- 
fledging survival (Perrins et al. 1973, Gaston 1997). Red-throated Loons might experience the 
same effects on reproductive performance in the face of changes in their marine prey and this, in 
turn, could affect their population dynamics if conditions were poor over a number of years. 
Regime-shift and Large-scale Changes in the Ocean Environment 
Trends in piscivore numbers and fish community composition are both correlated to 
changes in the conditions of Alaska's oceans. Alaska's oceans are characterized as having 
extreme seasonal as well as substantial interannual variation, due in large part to variation in 
insolation and cloud cover (Niebauer et al. 1999). In addition to interannual variability are longer- 
term patterns of variation. It is commonly recognized that the environment of Alaska's oceans 
has seen two major changes in the past 30 years. The first change was an annual shift from cool 
to warmer waters in 1977, and the second, less dramatic change in 1989 brought 'mixed' water 
temperatures with a cooling of coastal winter water temperatures only (Wyllie-Echeverria and 
Ohtani 1999, Hare and Mantua 2000, Macklin et al. 2002). These changes, termed regime-shifts, 
are the result of changes in the position of the dominant climate pressure cells that influence 
Alaska. These patterns are not strictly recent nor human-induced, but are a natural cyclic 
phenomenon, and the intensity of the regime-shift in 1977 is the result of the decadal-scale shift 
to a warm regime coinciding with a warming shift in a much longer climatic pattern (Ware 1995). 
In the late 1990's one of these pressure cells changed position again suggesting that a new 
regime-shift has occurred (Macklin et al. 2002). 
These regime-shifts correspond closely to changes in several populations of piscivores in 
Alaska, including those of Red-throated Loons, particularly with regards to the 1977 shift (Figure 
1 .A). This is presumably because regime shifts influence ocean productivity by altering sea 
surface temperature, nutrient transport by wind forcing and ocean currents, and, in the Bering 
Sea, the extent of sea ice. In the vicinity of the Pribilof Islands on the outer Bering Sea shelf, 
above average sea surface temperatures recorded in 1978 coincided with an unusual increase in 
demersal Walleye Pollock (Theragra chalcogramma) stocks, a reduction in occurrence of high- 
energy fish in the diets of seabirds, and a reduction in reproductive performance (Decker et al. 
1995). Similar increases in demersal gadoid and flatfish stocks have been reported from a mid- 
shelf region north of Umiak Island, and from Bristol Bay, an inner-shelf region of the eastern 
Bering Sea (Conners et al. 2002). Fish communities in the Gulf of Alaska also changed in the 
late 1970's when stocks of schooling species collapsed, potentially in response to a timing 
mismatch between the release of fish larvae and zooplankton blooms that occurred earlier due to 
warmer waters (Anderson and Piatt 1999). This was followed by an increase in demersal species 
in the mid-to-late 1980's. While increased predation by growing stocks of predaceous fishes may 
be contributing to declines in schooling species, termed "top-down" regulation, the temporal 
concordance and magnitude and scale, both geographically and in the number of species 
impacted, suggest a large-scale "bottom-up" process, i.e., that climate change has altered 
productivity of the ecosystem (Anderson and Piatt 1999). 
Objective and Thesis Outline 
The objective of this thesis is to consider the relationship between provisioning behaviour 
and reproductive performance in Red-throated Loons. This study was designed to understand 
whether and how differences in energy delivery, such as those that would occur in the face of 
changing oceanic conditions, affect growth and survival of Red-throated Loon chicks. This will 
lead to inferences about the role broad-scale environmental change may have played in the 
observed Red-throated Loon population declines. 
In Alaska, most detailed studies of marine piscivores and oceanographic change have 
focused on the Gulf of Alaska and waters in the vicinity of the Aleutian Islands and outer shelf of 
the eastern Bering Sea. While broad-scale changes in the ocean environment suggest a shift in 
the dominant climatic patterns, it is not expected that the entire Bering Sea is under the same 
influences as these more southern waters. For example, a decline has been reported in the 
northward transport of water through the Bering Sea, which is an important source of relatively 
fresh surface water and warm sub-surface water to support ocean productivity (Springer 1999, 
Stabeno et al. 1999). However, little attention has been paid to the Alaska Coastal Current, 
which supplies a large volume of water from the Gulf of Alaska to the eastern Bering Sea shelf 
(Springer 1999). 
The current knowledge of fish in the Bering Sea is limited to a few commercially important 
species (Loughlin et al. 1999), and there is little historic information on the population trends of 
piscivores or on the composition of prey communities for much of the inner eastern shelf region, 
where many important forage species occur (Springer 1999) and large declines in Red-throated 
Loon populations have been observed (Groves et al. 1996). The change in fish communities 
reported in more southerly waters may not be reflected further north closer to the mean annual 
extent of the ice front. Therefore, the first goal of this study was to identify the species 
composition and energetic value of marine fishes in the prey community of a population of Red- 
throated Loons breeding in the vicinity of Hazen Bay north of Nunivak Island on the Yukon Delta 
National Wildlife Refuge. Results of this investigation are reported in Chapter 2. 
The second goal of this study was to link variation in provisioning behaviour between 
pairs of Red-throated Loons to the growth and survival of their young during the pre-fledging 
period. Comparative data are few and, while previous work has investigated provisioning 
frequency in relation to number of young fledged (Dickson 1992, Eberl and Picman 1993), 1 am 
not aware of any study that has related variation in energy intake to growth for individuals of this 
species. Davis (1972) provides provisioning observations from three two-chick broods and 
growth comparisons between single, first-hatched, and second-hatched chicks up to 32 d of age, 
but it is not clear whether the chicks that were observed were included in the larger group of 
individuals that were captured. The available evidence suggests that Red-throated Loons are 
sensitive to changes in their prey base. In Sweden, declines in Red-throated loons were 
coincident with acidification of foraging lakes and a reduction in the availability of fish (Eriksson 
1994). However, Arctic Loons (G. arctica) in this region did not respond similarly to lake 
acidification as they relied less-heavily on fish to raise their young and were able to take 
advantage of the increased water transparency and increased abundance of aquatic insects 
following release from predation by fish. 
The cause of breeding failure is often equivocal, particularly when measures of prey 
consumption andlor growth performance are lacking. The loss of second-hatched chicks in 
broods that hatch asynchronously has most commonly been concluded to be the result of 
differences in competitive ability between siblings and starvation of the second, smaller chick. 
However, the loss of one or more chicks is rarely observed and the disappearance may also be 
the result of predation. As discussed above, avian species that leave their broods to collect 
provisions have shown different responses in trading off attendance and provisioning when shifts 
in their prey community occur. It might also be expected that individual pairs differ in how they 
balance this conflict due to differences in foraging ability, or to differences in perception of the 
various risks involved. Therefore, variation in the reproductive success of Red-throated Loons 
pairs will be examined by first comparing variation in energy consumption and growth 
performance of their broods (Chapter 3 ) ,  and second by relating energy consumption and 
parental attendance to brood survival (Chapter 4 ) .  Finally, the findings of this study are 
summarized in Chapter 5 and, based on the evidence at hand, the potential for a prey-base 
driven decline is discussed. Each chapter has been prepared in manuscript format with the 
intention of submitting Chapters 2, 3 and 4 for publication. 
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Chapter 2 
Proximate composition, energetic value, and abundance 
of prey fish from the inshore eastern Bering Sea: 
implications for piscivorous predators. 
This chapter has been prepared for submission for publication with the following authorship: Ball, 
J. R., D. Esler, and J. A. Schmutz. 
Abstract 
Changing ocean conditions and subsequent shifts in forage fish communities have been 
linked to declines in numbers of some piscivorous marine birds and mammals in the North 
Pacific. However, limited information about fish communities is available for some regions, 
including nearshore waters of the eastern Bering Sea, where many upper trophic-level predators 
reside. We collected fish from an estuary on the Yukon-Kuskokwim Delta during 2002 and 2003 
and determined proximate composition and energetic value of a suite of potential forage fish. Of 
the 13 species captured, rainbow smelt (Osmerus mordax) and arctic flounder (Pleuronectes 
glacialis) were the most abundant. Across species, energy density ranged from 14.5 to 20.7 kJ 
g-' dry mass and varied primarily as a function of lipid content. Strong relationships were found 
between fish length and total energy content, and we advocate use of length in studies requiring 
estimates of prey energy value. Year and season also were related to total energy content for 
some species, and predictive models may be improved by incorporating these effects. Based on 
observed energetic differences, we conclude that variation in fish size, quantity, and species 
composition could have important consequences for piscivorous predators. 
Introduction 
Many upper trophic-level predators, including marine birds and mammals, rely on pelagic 
schooling fish and younger age classes of demersal fish as a food source for adults and for 
provisioning young (NRC 1996, Loughlin et al. 1999). From the perspective of these predators, 
the quality of prey fish is largely a function of their composition and energetic value, attributes that 
vary among fish species. Pelagic schooling fish (e.g., Ammodytidae, Clupeidae and Osmeridae) 
are typically high in lipid content and energy density (kJ g-'), whereas demersal species (e.g., 
Cottidae, Gadidae and flatfishes) generally have lower energy densities (Van Pelt et al. 1997, 
Payne et al. 1999, Anthony et al. 2000, lverson et al. 2002). 
However, Hislop et al. (1 991) note that intraspecific variation in fish energy density can 
exceed interspecific differences, making generalizations about relative prey value by species 
unreliable. lntraspecific variation tends to be higher among pelagic fishes compared to demersal 
species (Hislop et al. 1991, Anthony et al. 2000). Energy density generally increases with fish 
length, varies seasonally (Paul and Paul 1 998), and varies due to sex-specific changes 
associated with reproduction (Montevecchi and Piatt 1984, Van Pelt et al. 1997, Anthony et al. 
2002, lverson et al. 2002). Further, energetic value of individuals within a species can vary 
spatially and interannually, presumably due to variation in their foraging environments (Anthony et 
al. 2000) or through oceanographic conditions that influence reproductive timing (Brodeur et al. 
1999). 
Variation in the quality of fish prey has been demonstrated to have important effects on 
reproductive performance of predators. Captive feeding and cross-fostering experiments have 
shown that low-lipid diets result in mass loss of juveniles (Rosen and Trites 2000b), reduced 
deposition of energy reserves (Lance and Roby 2000), lower rates of mass gain and elevated 
levels of corticosterone stress hormone (Kitaysky et al. 2001) and, under natural conditions, lower 
overall reproductive success (Golet et al. 2000). These effects of variation in prey quality can 
lead to demographic consequences for predators through reduced nestling survival, fledging 
success (Golet et al. 2000), and post-fledging survival (Perrins et al. 1973, Gaston 1997). 
Declines in availability of high-quality prey can have negative repercussions for avian 
breeding success (Frank 1992, Crawford and Dyer 1995, Hipfner et al. 2000, Kitaysky et al. 2000, 
Rindorf et al. 2000, Suryan et al. 2000, 2002, Litzow et al. 2002), although reduced diet diversity 
alone may negatively impact survival of juvenile Steller sea lions (Merrick et al. 1997). The life 
histories of marine mammals and most seabirds buffer their populations against short-term 
reproductive failure. However, over longer time frames, the availability of high-quality prey can 
play an important role in the regulation of seabird (Furness and Monaghan 1987) and marine 
mammal (Estes 1979) populations. Dramatic declines in many of Alaska's piscivorous predator 
populations during the past quarter-century (Piatt and Anderson 1996, Agler et al. 1999) have 
been linked to a large-scale change in the composition of the prey community in the Gulf of 
Alaska and southern Bering Sea from one dominated by high quality pelagic schooling fishes to 
one composed primarily of lower quality demersal species (Decker et al. 1995, Anderson and 
Piatt 1999). 
The geographic extent of prey community change suggests that large-scale variation in 
the ocean environment has differentially altered the productivity and/or distribution of fish species 
(Anderson and Piatt 1999). However, the current knowledge of fish in the Bering Sea is limited to 
a few commercially important species (Loughlin et al. 1999) and relatively little is known about the 
important forage species which occur in the inner eastern shelf region (Springer 1999) where at 
least one coastal-nesting piscivore is reported to be in decline (Groves et al. 1996). Also, 
foraging studies of the relationship between predators and their prey rely on estimates of prey 
energy value, which are unavailable. Therefore, we address these data gaps by describing the 
proximate composition and energetic value of a suite of marine fish in coastal waters of the 
eastern Bering Sea and provide predictive equations for total energetic value. Relative prey 
value, based on variation in energy and abundance, along with implications for piscivorous 
predators are discussed. 
Materials and Methods 
Study Area and Sampling Methods 
This study was conducted between June and August of 2002 and 2003 within the 
Manokinak River estuary, adjoining tributaries, and Hazen Bay (N 61" 12', W 165" 06'; Figure 
2.1). This is a large tidal river system on the Yukon-Kuskokwim Delta that drains into the eastern 
Bering Sea. Fish were collected approximately once per week in accordance with animal care 
regulations of Simon Fraser University following permitted guidelines from the Alaska Department 
of Fish and Game. Trawls were performed at six general locations across the study site (junction 
of Manokinak River and Hazen Bay, junction of Manokinak River and TD slough, junction of 
Manokinak River and Duckhead slough, within Duckhead slough along cutbank, Manokinak River 
in front of camp, and Manokinak River north of camp around first large bend in river; see Figure 
2.1 and Appendix A). Sampling events were conducted across tide stages and sampling intensity 
was based on trawl duration. Sampling was primarily by otter trawl (3.1 m x 1.6 m opening; 15 
mm2 mesh) towed with a skiff. Although this style of trawl is designed for bottom sampling, we 
were able to reduce sampling depth by trawling against the tide current and by towing at the 
greatest possible speed. We also conducted our trawling in the deeper sections of the channel to 
avoid over-sampling the bottom habitat. During 2002 additional samples were collected for 
proximate analysis using a beach seine (36.9 m x 3.0 m; 10 mm2 mesh). 
This work was conducted as part of a larger investigation of the provisioning behaviour of 
red-throated loons (Gavia stellata), a marine piscivore (see Barr et al. 2000 for species account). 
We focused our sampling and analysis efforts on the size range of fish delivered to loon chicks, 
i.e., 70 to 210 mm (Norberg and Norberg 1976, Reimchen and Douglas 1984, Eriksson et al. 
1990). This size range of prey is consistent with that used by many piscivores (Pearson 1968, 
Loughlin et al. 1999, Tasker et al. 1999), and therefore our data have broad implications beyond 
red-throated loons. Captured fish were identified to species (Mecklenburg et al. 2002), weighed 
on an electronic balance (field wet mass; + 0.1 g), and their total length (snout to longest caudal 
ray; k1 mm) measured. A sub-set of fish across the size range of each species captured from 
k c  -\ Chevak 
- i-) Kilometers 
Figure 2.1: Location of the Manokinak River estuary study area on the Yukon-Kuskokwim Delta in 
western Alaska. Numbers indicate the approximate locations sampled during 2002 and 2003: 1) 
bay, 2) TD slough mouth, 3) Duckhead slough mouth, 4) Duckhead slough, 5) Manokinak camp, 
6) Manokinak north of camp. 
each sampling event were individually bagged and frozen in a propane freezer (c. -lO•‹C) before 
being transferred to laboratory facilities where they were stored frozen (-20•‹C) until analysis. 
Laboratory Methods 
Proximate composition was determined following methods of Van Pelt et al. (1997) and 
Anthony et al. (2000). Each fish was transferred to an individual weigh-boat and weighed frozen 
on an electronic balance (lab wet mass; k 0.0001 g). Like Montevecchi and Piatt (1 987) and 
Hislop et al. (1991), our samples lost mass from desiccation during processing and freezing 
(mean mass difference between lab and field wet mass as a percentage of field wet mass + 1 SE 
= -4.3% + 0.26 1 SE). Therefore, field wet mass was used in all calculations detailed below that 
include wet mass. Wet samples were transferred to a convection oven and dried at 60•‹C to a 
constant mass (k 0.001 g). Water content was calculated as a percentage of field wet mass (% 
water = [field wet mass - dry mass11 field wet mass X 100). Dry samples were homogenized with 
an electric food processor and mortar and pestle, transferred individually to envelopes or 
extraction thimbles depending on size, and placed in a soxhlet apparatus. Hexanelisopropanol 
7:2 (v:v) was used as a lipid extraction solvent because it is non-toxic, does not dissolve proteins 
and other non-lipid materials, but effectively extracts storage lipids and more tightly bound 
structural lipids, thereby accurately indicating the lipid fraction available to a consumer (Radin 
1981). After drying and weighing extracted lean samples, lipid content was calculated as a 
percentage of pre-extracted dry mass (% lipid = [pre-extracted dry mass - lean dry massllpre- 
extracted dry mass X 100). Lean dry samples were held in a desiccator before being transferred 
to glass beakers and incinerated in a muffle furnace at 600•‹C for 24 h. Ash and ash-free lean dry 
matter (AFLDM) (94% protein; Montevecchi et al. 1984) contents were determined as percentage 
of dry mass (% ash = [ash masslpre-muffled lean dry mass] X [ I  - % lipid11 001 X 100; % AFLDM 
= [[pre-muffled lean dry mass - ash mass11 pre-muffled lean dry mass] X [ I  - % IipidIlOO] X 100). 
Carbohydrates are a negligible component of fish (~0 .6% dry mass; Craig et al. 1978) and have 
been disregarded here, as in other studies (Van Pelt et al. 1997, Payne et al. 1999, Anthony et al. 
2000). 
Analyses 
We used an information-theoretic approach to data analysis, which has received growing 
recognition for observational studies (Anderson et al. 2000, Burnham and Anderson 2002, 
Johnson and Omland 2004). This approach contrasts a set of candidate models and uses the 
Akaike Information Criterion, adjusted for small sample size (AIC,), as the basis for comparing 
relative support for each of the candidate models, using the principle of parsimony to balance 
explanatory value against over-fitted models (Burnham and Anderson 2002). To aid comparisons 
among models, we calculated AIC, weights (AIC,w), which sum to 1 across the model set and 
indicate the relative likelihood of each model, given the data. Models with an AICcw much higher 
than competing models have very strong support, models with a low AIC,w have little support, 
and models having similar AIC,w to each other have roughly equal support. 
AICcw also can be used to consider the relative explanatory value of individual model 
parameters, given the data and the candidate model set. A sum of AICcw across all models in 
which a given parameter occurs indicates the relative explanatory value of that parameter; 
parameters with summed AIC,w approaching 1 are strongly related to variation in the dependent 
variable, whereas those with low summed AICcw are not. Finally, AIC,w were used to generate 
weighted parameter estimates and unconditional SE (Burnham and Anderson 2002; equations 
4.1 and 4.9 respectively), which incorporate model uncertainty. Details of individual model 
parameters, candidate model sets, and procedures are provided below. 
Proximate Composition and Energetic Value 
All samples of each species were used to compute average length, mass, and percent 
proximate composition of water, lipid, AFLDM, and ash. Dry mass energy density (kJ g-l) of 
individuals was computed from lipid and AFLDM masses (% composition X dry mass) using their 
respective energy equivalents of 39.3 kJ g'l and 17.8 kJ g-l (for uric acid producing vertebrates; 
Schmidt-Nielsen (1997), p. 171), assuming the latter consists only of protein. This is considered 
the most appropriate energetic measure for comparative purposes as it eliminates desiccation as 
a source of error (Montevecchi and Piatt 1987, Hislop et al. 1991). However, energy density on a 
wet mass basis is a more ecologically relevant measure when considering transportation costs 
and consumption capacities (Montevecchi and Piatt 1987). Wet mass energy density (kJ g-') was 
calculated by multiplying dry mass energy density by the proportion of dry mass to field wet mass. 
Differences between species in both dry and wet mass energy densities were compared 
in an information-theoretic context. In this case, our two candidate model sets each consisted of 
various groupings of the fish species, with the intent of determining which groupings explained 
the most variation in the data without overfitting, i.e., splitting species that were, in fact, 
indistinguishable in their energy content. For both dry and wet mass energy, we considered 14 
candidate models, including a global model (i.e., all species were different), a null model (i.e., all 
species were grouped), and various combinations that were plausible given the relatedness 
between species and our review of the data. General linear models with no intercept were used 
to generate AICc values to select the grouping combination best describing differences among 
species. This approach is roughly analogous to ANOVA with pairwise post-hoc tests. Arctic cod 
(Boreogadus saida) were eliminated from all models because of insufficient sample size. 
Researchers require a means of estimating energy content of prey items in observation- 
based studies of energy intake. A common approach is to multiply published mean energy 
density values by direct measurements of prey mass or mass estimates based on a lengthlweight 
relationship. However, energy density can vary as a function of length (Hislop et al. 1991, 
Anthony et al. 2000) such that using mean values can result in biased estimates of total energy. 
Therefore, we examined species-specific variation in total energy content (kJ fish-') in relation to 
length, Julian date, year, and the interaction between length and Julian date. We included the 
interaction term, as we felt that seasonal changes in energy might depend on the length of the 
fish, because length is likely related to reproductive status. For each species, the dependent 
variable was total energy, calculated as dry mass energy density X dry mass (Hislop et al. 1991). 
Length was included as a continuous variable and total energy and length were natural log 
transformed and residuals inspected to assure that the transformed data met the assumptions of 
the general linear models used to compute AICc values. Year and Julian date were included to 
account for potential seasonal and inter-annual variation (Anthony et al. 2000). Our candidate 
model set for each species included all combinations of explanatory variables for a total of 16 
models, including a null model in which the data were described by a single mean and variance, 
as all combinations were considered to be biologically feasible. Summed AIC,w were calculated 
for each parameter to assess its contribution to total energy variation in each species. These are 
presented as a proportion of the total AIC,w across all parameters for each species. We 
expected that length would explain much of the total energy variation. Therefore, we developed 
more general species-specific predictive equations for total energy content based on length 
alone: [In(total energy) = intercept + In(length)]. 
Prey Abundance 
Previous studies have reported local seasonal and interannual variation in the abundance 
of fish species (Litzow et al. 2000, Suryan et al. 2000, 2002). Mean catch rate was calculated as 
the number of each species captured per hour in each trawl averaged over all sampling events 
during each year. We examined four models explaining variation in catch rate of each species: 
one with Julian date and year as explanatory variables, one each with Julian date and year as 
single explanatory variables, and a null model. Mean length and mass for each species were 
calculated using all fish captured by trawl during each year of study. 
Results 
Proximate Composition and Energy density 
We measured proximate composition for 13 fish species sampled during 2002 and 2003 
combined (Table 2.1). Mean water composition as percent field wet mass ranged from 75.1 % in 
least cisco to 82.8% in unknown smelt (the single arctic cod sample contained 84.4% water). 
Unknown smelt also contained the greatest AFLDM component (86.7%) and the lowest ash 
component (5.9%). Unknown smelt were not identified to species but are presumed to be young- 
of-the-year (YOY) rainbow and pond smelt because of their small size, high water and protein 
contents, and low lipid content relative to pond smelt and rainbow smelt, and because no other 
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smelt species were identified in our trawl samples. Immature age classes are known to devote 
more reserves to growth than energy storage (Calow and Townsend 1981), which is reflected in 
lipid and protein levels. YOY also have a higher water component compared to older individuals 
due to elevated levels of extracellular fluid (Love 1970). Mean lipid composition as percent dry 
mass ranged between 4.2% in Bering poacher, which also contained the greatest ash component 
(23.3%), and 23.5% in nine-spine stickleback, which had the lowest AFLDM component (63.5%). 
Mean dry mass energy density ranged from 14.5 kJ g-' in Bering poacher to 20.7 kJ g-' in 
least cisco (Figure 2.2). The two best models describing variation in dry mass energy density had 
a cumulative support of AICcw = 0.77 and differed only by whether or not Pacific herring were 
considered to have a different energetic value than three-spine stickleback, starry flounder, and 
arctic flounder. Differences in water content magnified the difference between maximum (least 
cisco = 5.2 kJ g-') and minimum (three-spine stickleback = 2.8 kJ g-') mean wet mass energy 
densities but reduced the number of interspecific differences overall (AICcw = 0.63; Figure 2.2). 
Arctic cod had the lowest wet mass energy density (2.6 kJ g-') owing to its high water content. 
Total Energy 
For all fish species, total energy varied as a function of the explanatory variables that we 
considered (length, year, Julian date, and length X Julian date); the best fitting model for each 
species had an AICcw that exceeded that of the null model by a factor of > 1 x lo4.  Length was 
consistently an important explanatory variable, with summed AICcw for this parameter r 0.9995 
for all species (Table 2.2), with a strong, positive effect on total energy for all species but nine- 
spine stickleback (Table 2.3). 
The importance of year for explaining variation in total energy varied considerably by 
species. Year was of equal importance to length in explaining total energy variation in rainbow 
smelt and saffron cod, and was nearly as important as length in belligerent sculpin (Table 2.2), all 
of which had higher total energy values for a given length and Julian date in 2002 compared to 
2003 (Table 2.3). Year was not an important factor in the remaining species. Julian date alone 
and the length X Julian date interaction were both relatively unimportant to all species with the 
Figure 2.2: Mean energy density based on field wet mass (open circles) and dry mass (closed 
circles) for all fish processed (years combined; + 1SE). Upper and lower case lettering 
represents groupings of species with similar dry and wet mass energy densities, respectively, 
based on the best fitting model(s) using AIC,as the selection criterion. For dry mass, the two top 
models had a cumulative AIC, weight = 0.77, with the only difference between the models being 
definition of Pacific herring as a separate category (E) or grouped with other species (F). The 
best fitting wet mass model had an AIC, weight = 0.63. Arctic cod is represented by a single 
sample and therefore was not included in the grouping analyses. 
Table 2.2: Summed AIC, weights (1 AICcw ) indicating the relative strength of each model 
parameter in predicting total energy content for each species given the data and the set of 
candidate models considered. Values are assessed by summing all model AICcw in which a 
given parameter occurs; values approaching one indicate parameters which are strongly related 
to variation in the dependent variable. 
Species In(Length) Year Julian Date In(Length)*Julian Date 
Arctic Flounder 
Belligerent Sculpin 
Bering Poacher 
Pacific Herring 
Pond Smelt 
Rainbow Smelt 
Saffron Cod 
Starry Flounder 
Unknown Smelt 
Note: Global model: In(Total Energy) = intercept + In(Length) + Julian Date + Year + 
(In(length) X Julian Date). 
*Zero Unknown Smelt were captured in 2003. Therefore, a model including year was not 
included in the set for this species. 
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exception of Pacific herring (Table 2.2). Weighted parameter estimates indicate that total energy 
content of Pacific herring increased with increasing Julian date, and that longer fish did not 
increase as rapidly with Julian date as smaller fish (Table 2.3). However, the inclusion of zero in 
the in the 95% confidence interval (CI; 1.96 x SE) of the interaction term suggests this latter effect 
was not significant. We were unable to provide a predictive equation for nine-spine stickleback 
as the model suggested a biologically implausible negative effect of length on total energy. We 
believe this results from a small sample size (n = 4), narrow length range (7 mm), and a low 
energy value for the largest individual fish. 
Prey Abundance 
Number of trawls, total trawl time and mean trawl time during 2002 were: n = 26, 11.03 h, 
0.42 k 0.03 h trawl-'; and in 2003: n = 21, 9.48 h, 0.45 + 0.02 h trawl-'. Rainbow smelt and arctic 
flounder dominated the catch in both years (Table 2.4). Smaller flounder were captured in 2003 
than 2002 (mean length difference k 1SE = -37.7 mm + 3.13) whereas larger rainbow smelt were 
captured in 2003 (23.6 mm & 2.67). There was no annual difference in average size for the 
remaining species (Table 2.4). 
AICcw indicated that no one model received overwhelming support for explaining catch 
rate variation of individual species, nor was there a consistent effect of models across species 
(Figure 2.3). The combined support for models year and year + Julian date in explaining variation 
in catch rate of saffron cod, starry flounder, pond smelt, and rainbow smelt was 64% to 96% 
(summed AICcw) suggesting that year was an important predictor explaining catch rate variation 
for these species (Table 2.5). These four species were captured at lower rates during 2002, 
although the inclusion of zero in the 95% confidence interval (SE x 1.96) of the weighted 
parameter estimate for year suggests the difference between years for rainbow smelt was not 
significant (Table 2.5). The model support for Julian date suggests a seasonal effect in catch rate 
variation for pond smelt (summed AICcw = 0.749) and rainbow smelt (summed AICcw = 0.597). 
Among remaining species, summed AICcw and weighted parameter estimates and unconditional 
SE indicate low support for Julian date as a predictor of catch rate variation (Table 2.5). 

Coefficient of determination values did not exceed R2 = 0.20 for any one model (mean R2 = 0.04f 
0.008, n = 44) indicating that the catch rate variance explained by the model set is low. This is 
evident in the moderate support for the null model as being the best model at explaining catch 
rate variation in 7 of the 11 species (Figure 2.3). 
Discussion 
This study is the first from the eastern Bering Sea to describe energy value and 
abundance of nearshore marine fishes that are potentially important prey for piscivorous 
predators. Prey fishes in this system differ across species in proximate composition, energetic 
value, and abundance. This likely plays an important role during prey selection by foragers 
attempting to optimize rate of energy acquisition, and may ultimately limit productivity and 
population growth of local piscivore populations. 
Energy Density 
lnterspecific differences in dry mass energy density reported here (14.5 to 20.7 kJ g") 
conform to the general pattern of low energetic values for demersal fishes (arctic and starry 
flounder, arctic and saffron cod, belligerent sculpin, and Bering poacher) and higher values for 
pelagic species (least cisco, pond and rainbow smelt, and Pacific herring; Figure 2.2). The 
ranking of species based on dry mass energy density reflects the dominating contribution of lipid 
content, although variation in ALFDM and ash content were also important (Table 2.1). The 
inverse relation between lipid and water contents magnified the discrepancy between minimum 
and maximum mean wet mass energy density among species to nearly 2-fold (2.8 to 5.2 kJ g" 
wet mass) and had important consequences for the ranking of species (Figure 2.1). Species that 
were particularly affected in their wet mass energy density ranking include Bering poacher, which 
had low content values of both lipid and water, and three-spine stickleback, arctic cod, and 
unknown smelt, all of which contained a high percentage of water (Table 2.1). A predator 
selecting items based solely on energy density would gain the greatest energy intake 
Figure 2.3: AIC, weights of the catch rate (No. h-' trawl-') predictive models Year (black), Julian 
Date (white), Year + Julian Date (hashed), and Null (grey) for each fish species. Models are 
limited to trawl-captured fish between 70 to 210 mm. Height of each bar segment represents 
support for that model in the set of models considered. 
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per gram of prey item by selecting least cisco, nine-spine stickleback, and pond smelt over the 
other species in this community. 
Total Energy and Abundance 
In this study, total energy was positively related to length, and the factor of In(energy) 
exceeded 2.75 in all species (Table 2.3). The most dramatic increase with length was observed 
in least cisco (Length Model, Table 2.3) and Pacific herring (Global Model, Table 2.3). Hislop et 
al. (1 991 ) reported a similar finding for lesser sandeel (Ammodyies marinus) and sprat (Sprattus 
sprattus). This relationship reflects the reduction in body water stores as fish grow (Love 1970), 
and a shift in the allocation of energy consumed from growth to storage (Calow and Townsend 
1981). There was little evidence for a seasonal effect on total energy content during our sampling 
period (late June to mid-August) with the exception of Pacific herring, in which individuals of a 
given length increased in energetic value during the summer. Similar to findings elsewhere, (Paul 
and Paul 1998, lverson et al. 2002), we suggest that the seasonal increase in energy content is 
not related to reproductive cycle, but reflects the seasonal foraging behaviour of this species: 
73% of our herring samples were captured before midJuly and those captured after this date 
were smaller than the average size of all herring captured. lverson et al. (2002) suggest that, in 
their multi-species study, intraspecific lipid content values across species varied strongly with 
season, and our inability to detect a seasonal trend in other species may be due to small sample 
size and the comparatively short duration of our investigation (Montevecchi and Piatt 1984, Hislop 
et al. 1991, Anthony et al. 2000). 
We also detected intraspecific variation between years in some species in both total 
energy content and capture rate. Rainbow smelt, saffron cod, and belligerent sculpin had higher 
total energetic value in 2002 for a given length and Julian date compared to 2003 (Table 2.3). 
Anthony et al. (2000) also found an effect of year on energy density of Pacific herring, and 
suggested that the difference may reflect interannual variation in the quality or quantity of their 
prey. Saffron cod were also captured at lower rates during 2002, as were starry flounder and 
pond smelt. We have limited our analyses of variation in abundance to within, rather than 
between species, because our trawl may not sample all species with equal probability due to 
differences between species in microhabitat use. However, and more importantly, our trawl 
measures of prey abundance may not reflect availability from the perspective of a forager (Tasker 
et al. 1999), nor is it expected that all piscivores share a similar perspective of their prey 
environment. We attempted to spread our sampling effort across tidal stages and locations 
throughout the estuary, and we attempted to sample as high in the water column as our gear 
would allow, but we were unable to sample the upper water layers or the shallow waters covering 
the mudflats on the edge of the main river channel, and these may be important foraging 
locations for some bird species. Our trawl was also unable to discriminate between prey based 
on features that influence search and handling time. Therefore, while we are confident that our 
capture results accurately reflect intraspecific variation, we have limited our discussion of 
interspecific variation to very large differences in catch rate. 
Implications of Prey Energy and Abundance for Predators 
Variation in energetic value of prey and the frequency at which prey-types are 
encountered are the two factors that, in combination, likely have the greatest effect on energy 
acquisition and productivity in piscivorous species. For piscivores that deliver prey to their young, 
selecting longer prey, which contain more total energy, may offset the cost of roundtrip travel if 
energy and time costs associated with handling are low. This would enable a provisioning adult 
to increase net energy gain and reduce the number of trips required to meet energetic 
requirements. Therefore, despite the high wet mass energy density of nine-spine stickleback and 
pond smelt, they are small compared to many of the other species in this study (Mecklenburg et 
al. (2002) report typical maximum lengths of 65 mm and 150 mm respectively), and are likely to 
be rejected based on total energy content. This may not be the case when self-feeding (Davoren 
and Burger 1999), or if multiple prey are delivered at once and small, energy-dense items with 
lower handling costs can increase the total energetic value of the bill load (Orians and Pearson 
1979). Our sampling protocol does not address the abundance of these small fish, which if more 
abundant and have low handling costs, may be more profitable. 
Prey availability also influences prey selection by a provisioning adult as it affects the rate 
at which energy can be delivered. Least cisco were both high in energy density and present as 
large individuals, with a strong positive influence of length on total energy. However, they are 
likely inconsequential to predators in this system because of their relative rarity compared to 
rainbow smelt and arctic flounder. For example, a foraging individual focusing on least cisco 
would encounter more than 100 rainbow smelt on average before encountering its target prey. 
This does not mean that a least cisco would be rejected if encountered. However, the high 
encounter rate with rainbow smelt and arctic flounder would on average provide higher rates of 
energy acquisition despite their lower energy density values. Total energy increases more rapidly 
with length in rainbow smelt compared to arctic flounder, whose body shape likely increases 
handling time (personal observation, Bowen et al. 2002) and may limit consumption to smaller 
individuals of lower total energy value. This suggests rainbow smelt are likely to be preferentially 
selected over arctic flounder, despite the latter being easier to capture (Bowen et at. 2002). In 
addition, longer rainbow smelt and smaller flounder were captured in 2003, which would further 
drive selection for rainbow smelt in that year. The strong effect of length on total energy of 
saffron cod and Pacific herring make longer individuals of these species disproportionately more 
valuable prey. 
The effect of diet-quality is often overlooked in foraging studies. A diet of fish is generally 
regarded as sufficient to meet the mineral, protein, and amino acid requirements for development 
and maintenance (Ricklefs 1983), although few comprehensive consumer-specific studies have 
been performed. For example, Montevecchi and Piatt (1984) found isoleucine levels in forage 
fish to be below minimum levels required by poultry, but the requirements and the consequences 
of a dietary shortage of this essential amino acid in piscivores are unknown. Similarly, other 
studies have shown that individuals consuming a diet high in lipids may gain significant benefits 
compared to a low-lipid diet (Rosen and Trites 2000b, Kitaysky et al. 2001), due at least in part to 
the lower assimilation efficiency and higher processing costs associated with diets of lower lipid 
content (Brekke and Gabrielsen 1994, Rosen and Trites 2000a). While further research is 
needed to determine the species-specific response of piscivores to variations in diet quality, the 
small difference in lipid content between those species present in significant numbers in this 
study may be of little consequence to predators, 
The range of dry mass energy densities reported here (14.5 to 20.7 kJ g-') are within the 
range reported in other multi-species studies (Van Pelt et al. 1997, Anthony et al. 2000). 
However, the two species that were present in the greatest abundance in our study, rainbow 
smelt and arctic flounder, had lower energy densities than many of the fish species presented 
elsewhere. Although this seemingly poorer quality prey community may have negative 
demographic consequences for piscivores that rely on marine fish to provision their young (see 
Chapters 3 and 4), we do not know if the local prey regime has shifted similarly to other locations 
in Alaska in response to climatic and oceanographic variation. Other than red-throated loons, 
which have declined >50% since the late 1970's (Groves et al. 1996), there are few historic data 
on populations of piscivorous predators or their prey for this coastal region of Alaska. Previous 
diet studies of glaucous gulls (Larus hyperboreous), a generalist predator that includes a 
significant proportion of fish in its diet, suggest changes in the fish community at a nearby site 
have occurred over the past 30 years (Strang 1982, Schmutz and Hobson 1998). The proportion 
of fish in stomach contents and dietary remains declined between 1974 and 1979, following the 
1977 regime shift (Strang 1982), then nearly doubled in frequency of occurrence in 1993 
(Schmutz and Hobson 1998) following a less-dramatic regime shift in the mid-to-late 1980's. 
Difference in the rate at which different fish species are digested (Jobling and Breiby 1986) does 
not permit comparisons of abundance among species. What is of note is the absence of rainbow 
smelt and chinook salmon (Oncorhynchus tshawyfscha) from samples collected in 1993. While it 
is tempting to conclude that prey shifts have led to the decline of red-throated loons, more historic 
data are needed to make rigorous conclusions. 
Recommendations for Future Prey Studies 
We join other researchers in encouraging future studies to report proximate composition 
values and energy density on a dry mass basis for comparative purpose (Montevecchi and Piatt 
1987, Hislop et al. 1991 ). In this study, the significant mass lost due to desiccation between 
collection and initiation of lab procedures would result in over-estimation of wet mass energy 
density if water loss were not accounted for. Because of the difficulties in preventing water loss 
from samples prior to weighing and of the bias this introduces into an energy density estimate, we 
caution researchers when relying on the relationship between lipid and water contents to 
estimating energy density (Hislop et al. 1991, Anthony et al. 2000). In addition, a general 
relationship is not applicable across species (Van Pelt et al. 1997), and therefore species-specific 
models must first be developed using proximate analysis. We also caution researchers when 
using procedures that rely on energy density to estimate total energy content of prey items as this 
fails to account for potential effects of length on energy density and total energy content reported 
here and elsewhere (Hislop et al. 1991, Anthony et al. 2000). Instead, we encourage future 
studies to develop species-specific models relating total energy content to length. Length is 
highly correlated to total energy content, can be easily and accurately assessed in the field, either 
by direct observation, or by collecting unconsumed items, and is unaffected by desiccation 
(Montevecchi and Piatt 1987). The total fish energy model may be further improved by 
incorporating both seasonal and interannual variation in the predictive model. 
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Chapter 3 
Pre-fledging Growth of Red-throated Loons (Gavia 
stellata) in Alaska: Effects of Energy Consumption and 
Sex. 
This chapter has been prepared for submission for publication with the following authorship: Ball, 
J. R., D. Esler, and J. A. Schmutz. 
Abstract 
We quantified several aspects of pre-fledging Red-throated Loon growth and considered 
factors related to variation in growth rates, to evaluate potential mechanisms by which changing 
foraging conditions might affect productivity and population change. During 2002-2003, we 
monitored chick growth through successive captures and estimated energy consumption by 
observing provisioning behaviour on the Yukon-Kuskokwim Delta, Alaska. Parents raising two- 
chick broods did not increase energy delivery compared to those raising singletons, and all 
second-hatched chicks grew more slowly than first-hatched chicks and died, apparently of 
starvation. First-hatched chick growth was primarily influenced by sex, with males being 
morphologically larger and having greater asymptotic mass than females. However, we found no 
difference between the sexes in mass or age at fledge, suggesting that males expended more 
somatic tissue to reach an ideal mass-to-primary length ratio to achieve flight. We did not detect 
strong effects of energy consumption on growth, but chicks in our study grew more slowly, had a 
longer pre-fledging period, and were smaller at fledge compared to chicks in other studies. 
These findings, along with our studies of the fish community, suggest that foraging conditions 
during our study may have limited reproductive success. Like previous studies of seabirds, our 
results indicate that variation in the marine environment that leads to changes in the quality 
andlor quantity of prey fish may affect productivity, and ultimately population dynamics, of higher 
trophic level piscivores. 
Introduction 
Red-throated Loons (Gavia stellata) in Alaska have declined by >50% since the late 
1970's and have yet to recover to historic population levels (Groves et al. 1996, USFWS 
unpublished data). This population trend is very similar to, and coincident with, trends observed 
for a suite of marine birds and mammals in Alaska that, like the Red-throated Loon, prey on 
nearshore marine fish (National Research Council 1996, Piatt and Anderson 1996, Agler et al. 
1999). For many of these species, population declines have been linked to a large-scale change 
or "regime-shift" in the composition of the local prey community to one of lower nutritional quality 
(Anderson and Piatt 1999). The result has been a reduction in reproductive performance (e.g., 
Decker et al. 1995, Hunt et al. 1996, Hunt and Byrd 1999, NMFS 1998 cited in Loughlin et al. 
1999), largely due to the inability of parents to meet the energetic requirements of their young. 
Insufficient energy delivery to juvenile birds can result in starvation (Monaghan et al. 1989, 
Bertram et al. 1991, Golet et al. 2000, Litzow et al. 2002, Suryan et al. 2002), reduced peak and 
departure masses (Huin et al. 2000), increased length of dependency (Barrett et al. 1987), and 
reduced probability of survival following independence (Perrins et al. 1973, Gaston 1997). This 
relationship between provisioning and reproductive performance, and the role of large-scale 
regime-shifts on population dynamics, has never been considered for Red-throated Loons. 
Interspecific comparisons of population trends among members of the loon family 
(Gaviidae) suggest that variation in the marine environment might be a process that uniquely 
affects Red-throated Loon reproduction. Despite overlapping breeding and wintering ranges 
(Ruggles and Tankersley 1992, Groves et al. 1996), only Red-throated Loons have experienced 
prolonged numerical declines in Alaska. All loon species share certain attributes: they nest on 
the shorelines of ponds and lakes and typically lay two eggs (for species accounts see North 
1994, Mclntyre and Barr 1997, Barr et al. 2000, Russell 2002). Hatch is asynchronous and 
chicks are semi-precocial and able to leave the nest within 24 h. Chicks remain on the nest pond 
until they fledge, and parents are responsible for the acquisition and delivery of all food required 
for development. However, Red-throated Loons are unique in the habitat that they use to gather 
prey for provisioning (Barr et al. 2000). Unlike the typical loon habit of provisioning young with 
fish and invertebrates from the nesting pond, Red-throated Loons travel from their brood to 
nearby marine areas to collect and return with individual fish. Therefore, unlike other loon 
species in Alaska, Red-throated Loons rely heavily on the marine environment during the chick- 
rearing period. 
The differences in population trends and provisioning behaviour between loon species, 
and the similarity in declines between Red-throated Loons and other piscivorous marine birds and 
mammals in Alaska are consistent with a hypothesis that the decline of Red-throated Loons is 
due to reduced productivity resulting from changes in their prey-base. Eriksson (1994) reported a 
similar relationship in population trends between sympatrically nesting Red-throated Loons and 
Arctic Loons (G. arctica) in Sweden, which he attributed to the greater susceptibility of the former 
species to declines in fish stocks due to acidification of their fishing areas. While previous work 
has investigated provisioning frequency in relation to Red-throated Loon reproductive success 
(Dickson 1992, Eberl and Picman 1993), we are not aware of any study that has related variation 
in energy intake to growth of individuals of this species with the exception of Davis (1972), who 
made a general comparison of consumption and growth between brood mates in two-chick 
broods. Here we examine variation in provisioning and growth among family groups in a 
population of Red-throated Loons in western Alaska. If prey conditions were less than ideal, we 
predicted that parents raising broods of two would reduce provisioning, and that growth rates of 
second-hatched chicks would subsequently be reduced and eventually result in brood reduction 
due to starvation. If foraging conditions were still inadequate for all parents to successfully raise 
a brood of one, we predicted that chicks consuming lower rates of energy would experience lower 
rates of growth, have a prolonged pre-fledging period, and achieve smaller mass and body size at 
fledge compared to chicks receiving more energy. Evidence for these predictions would suggest 
a mechanism by which large-scale oceanographic conditions might be linked to Red-throated 
Loon population dynamics. 
Study Area and Field Protocol 
Data were collected during 2002 and 2003 from an area centred around the Manokinak 
River estuary (N 61' 12', W 165' 06') on the Yukon Delta National Wildlife Refuge in western 
Alaska. Adult Red-throated Loons nest on low-lying wetlands and forage in tidal waters of the 
river and adjoining tributaries and bay. Nests were located by systematically searching pond 
shorelines and islands early in the season. Accurate hatch date determinations were necessary 
to quantify age-related growth measures. Hatch date was estimated during the initial nest visit by 
floating eggs. The degree of egg floatation, which reflects changes in egg specific gravity with 
development, can be used to roughly predict incubation stage + 4 d (Carroll 1988, Walter and 
Rusch 1997). These initial estimates were further improved by one or more of the following: 1 ) 
nests containing a single fresh egg were rechecked for a second egg assuming an average clutch 
size of two, a 48 h lapse between eggs laid, and a 25 d incubation period (Barr et al. 2000); 2) 
complete clutches found early in development were revisited closer to hatch to obtain more 
accurate float-estimates (Carroll 1988); 3) temperatures of some nests were monitored (HOBO@ 
H8 four-channel data logger with two TMCx-HA wide-range temperature sensors for ambient and 
bowl temperature) to document the point at which an obvious change in bowl temperature 
indicated the end of incubation; and 4) nests were revisited daily just prior to the earliest predicted 
hatch date and were observed from a distance for r 0.5 h for the presence of chicks. 
All chicks were captured approximately once weekly until fledge to monitor growth. Most 
captures were not initiated until after the first week of age because young loons are not proficient 
divers and are at greater risk of predation if adults are flushed during this period (Dickson 1993). 
At each capture we measured mass (+ 1 g) and lengths of upper exposed culmen (+ 0.1 mm), 
diagonal tarsus (k 0.1 mm), folded and flattened (maximum) wing (+ 1.0 mm), and right tenth 
primary (k 1.0 mm). During one capture, a blood sample was collected to determine sex of 
individuals using molecular genetic techniques described in Griffiths et al. (1998), modified for 
use in loon species (S. Talbot and K. Sage, USGS, personal communication). Siblings in two- 
chick broods were uniquely marked on the back and sides of the head using Testom model paint 
to assist in identification (Davis 1972), and all chicks were uniquely marked with a tarsal colour- 
band combination, including a USFWS metal band, once they gained sufficient size. Broods 
located post-hatch were aged based on the relationship between age and the two morphological 
measures with the least variance from 13 known-aged first-hatched chicks in broods captured 
when only a single chick was present: tenth primary (TP) length (Age = 7.50 + 0.55'TP - 
0 . 0 0 3 5 ' ~ ~ ~  + 0 . 0 0 0 0 2 * ~ ~ ~ ,  R' = 0.98); and folded maximum wing (W) length (Age = -1.31 + 
0.28'W - 0 . 0 0 1 0 ' ~ ~  + 0.000003'~~; R' = 0.97; n = 55 measurements). Okill and Wanless 
(1 990) used a similar approach based on wing length alone. 
In this study we defined fledge to have occurred when a chick flew from the nest pond to 
an adult foraging site. Of course, fledging was rarely observed and young loons can change 
ponds by moving considerable distances overland, often more than once during the pre-fledging 
period (Dickson 1992, Eberl 1993). When a missing brood could not be relocated following a 
thorough search of the surrounding ponds and if the first-hatched chick was older than the 
earliest known age at fledge (44 d; this study) and had demonstrated adequate flight skills during 
previous observations, it was concluded to have successfully fledged. Fledge date was 
estimated as the midpoint between the final two visits. 
To relate energy consumption to growth, provisioning behaviour was observed from 
blinds using spotting scopes. Blinds were established 50 to 100 m from the pond shore during 
incubation so that parents would acclimate to its presence. If it was necessary to later reposition 
a blind (e.g. because of shoreline obstruction, or if the brood changed ponds), the observer 
concealed their presence behind or within the blind while moving it, which appeared to cause little 
disturbance. Following hatch a subset (n = 13 in 2002; n = 12 in 2003) of all active broods were 
randomly selected for observations so that each could be observed once per week in systematic 
rotation. Due to visual limitations, and because RTLO are not known to forage beyond twilight 
(Reimchen and Douglas 1984), all observations were conducted during daylight hours between 
the periods of civil twilight (for Chevak, Alaska, c. 40 km NW of study site). Two lengths of 
observations were conducted in 2002: 5 h periods with a randomized start time, and daylong 
periods, which were repeated on three consecutive days. Variation in observed provisioning 
behaviour between sampling periods was significantly reduced by the latter protocol and daylong 
observations were the sole method employed in 2003 as the most accurate means of measuring 
provisioning behaviour. Additional broods were included as observed broods failed. 
Each observation period began with a record of the time, and the number of adults and 
chicks present. If no adults flushed as observers approached the blind, recording commenced 
immediately. Otherwise, observations began when the flushed adults returned or a maximum of 
30 min passed. We recorded the time at which adults arrived or departed, whether the arriving 
adult had a fish, and if the prey item was consumed. Delivered fish were identified to a prey 
category representing the lowest taxonomic level at which observers could be expected to 
consistently discriminate between those species known to be in the local prey community (Table 
3.1; Chapter 2). Prey length was estimated relative to adult gape length, defined as the distance 
from the distal bill tip to the corner of the mouth where the upper and lower mandibles join, in half 
gape length increments. Practice observations were conducted using a model loon head and 
captured fishes of known length and species to improve the accuracy of prey estimation among 
observers and determine level of (Bayer 1985). When possible, activities were attributed to 
individuals based on size asymmetry between adults (males are on average larger than females; 
Barr et al. 2000), and the unique markings and size asymmetry (due to hatching asynchrony) 
between siblings in two chick broods. 
Not all prey delivered were eventually consumed by a chick, and consumption was not 
always witnessed, particularly when chicks were young and adults swam with the prey to the 
chick rather than being met in open water upon landing. However, feeding parents performed a 
common sequence of behaviours during and following prey deliveries and typically offered 
rejected items multiple times before consuming unwanted prey themselves (Reimchen and 
Douglas 1984). This allowed observers to determine whether a delivered item was likely 
consumed by a chick with an associated level of certainty (c 0.5, 2 0.5, 2 0.75, 1.0). 
Table 3.1 : Prey categories and parameter estimates used to calculate the energetic value of prey 
items (kJ fish-') identified during provisioning observations. Species composition of each 
category is detailed below. 
Model Parameter Estimates 
Intercept In(Length) Year Julian Date In(Length)* 
(mm) (1 x 1 o - ~ )  (1 X 1 o - ~ )  Julian Date 
Prey Category (1 x 10") 
Cisco a 
Cod 
Flounder 
Herring 
Pond Fish 
Prickleback 
Sculpin 
Smelt 
Note: Constituent species of each prey category: cisco = Least Cisco (Coregonus 
sardinella); cod = Saffron Cod (Eleginus gracillus); flounder = Arctic Flounder (Pleuronectes 
glacialis) and Starry Flounder (Platichthys stellatus); herring = Pacific Herring (Clupea pallasii); 
pond fish = Nine-spine Stickleback (Pungitius pungitius); prickleback = never captured by trawl 
though certain prey deliveries identified as Blackline Prickleback (Acantholumpenus mackayo; 
sculpin = Belligerent Sculpin (Megalocottus platycephalus); smelt = Pond Smelt (Hypomesus 
olidus), Rainbow Smelt (Osmerus mordax), unknown smelt. 
a In(Total Energy) = intercept + ln(Length); Total Energy = e'n'TOta' Energy). 
b In(Total Energy) = intercept + In(Length) + Julian Date + Year + (In(length) X Julian 
Date); Total Energy = e'n'TOta' Energy). 
Average total energy content per fish determined following Chapter 2. 
d kJ mm-' calculated from Anthony et al. (2000). 
Analyses 
Data analysis was performed in an information-theoretic context (Burnham and Anderson 
2002) using Akaike Information Criterion, adjusted for small sample size (AIC,). Based on the 
principle of parsimony, this procedure ranks a set of candidate models, reflecting the relative 
explanatory strength of each to variation in the dependent variable while accounting for the 
number of model parameters (Anderson et al. 2000, Burnham and Anderson 2002). To aid 
comparison between models, we calculated Akaike weights (AIC,w), which sum to 1 across the 
candidate model set and indicate the relative support for each model in the model set, given the 
data (Burnham and Anderson 2002). 
The information-theoretic approach is particularly useful for observational studies where 
several factors may be acting simultaneously. Using AIC,w, the relative explanatory value of 
individual model parameters can be considered. Summed AIC,w across all models in which a 
given parameter occurs indicates the relative explanatory value of that parameter, given the data 
and the candidate model set. Parameters with summed AIC,w approaching 1 are strongly related 
to variation in the dependent variable, whereas those with low summed AIC,w are not. Using 
AIC,w to account for model uncertainty, weighted estimates and unconditional SE of individual 
parameters were computed (equations 4.1 and 4.9 respectively in Burnham and Anderson 2002). 
Details of model parameters and candidate model sets are provided below. 
Energy Consumption Rate 
Energy consumption during an observation period is a function of several parameters: the 
number of prey deliveries, the size and type of each prey delivered, the energy content of 
individual items, and the probability the item was consumed by a chick. Equations for calculating 
the energetic value of items (kJ fish-') in each prey category are presented in Table 3.1 and, 
where possible, follow the total energy content models of Chapter 2. Parameter estimates for 
prey categories encompassing multiple species are weighted averages of the AIC, weighted 
parameter estimates based on the proportion of each species in that category captured during 
two years of trawl sampling (Chapter 2). Across categories, prey length was the most important 
factor influencing total energy content. When the sex of the delivering adult was identified, 
average gape lengths for males and females measured from adult museum specimens was used 
to calculate prey length based on the visual half gape length prey size estimate: female average 
gape length ? 1.96'SE = 70.3 mm & 1.7 (n = 18); males = 75.4 mm * 2.3 (n = 14). Otherwise, an 
average adult gape length (73.4 mm + 5.4; n = 34), including measurements from specimens of 
unknown sex, was used. Total energy equations for cod, flounder, herring, sculpin, and smelt 
also included year (0 and 1 for 2002 and 2003 respectively), Julian date (rescaled to 20 June = 
l ) ,  and length*Julian date effects. 
Pond items represented < 2% of all items consumed. Half of these were identified as 
fish, and seine sampling during 2003 indicated that Nine-spine Stickleback (Pungitius pungitius) 
were the predominant fish in ponds. Energy content of sticklebacks was determined by 
proximate analysis following the procedure outlined in Chapter 2. Individuals did not vary 
sufficiently in length relative to our half-gape length size increments to present energy content as 
a function of length, which are instead presented as an average kJ fish-' (Table 3.1). The 
remaining pond items consumed were ignored because they were often too small to identify and 
likely were inconsequential to energy intake levels. Prickleback were never captured in our study 
of the prey community and energy content estimates were therefore estimated as kJ mm-' using 
published values from Anthony et al. (2000). 
To estimate total energy consumption during a period, we needed to estimate variables 
for some events in which those variables were unknown (Table 3.2). If an arriving adult was 
known to have a fish but details regarding type andlor length were unknown, these were 
estimated by averaging events for the particular pair, preferably of the same brood age, where 
both parameters were known. If the presence of a fish with an arriving adult was unknown, a 
probability based on known events was applied to the average prey value delivered by that pair at 
that brood age. All possible situations following the arrival of an adult are presented in Table 3.2, 
along with their frequency of occurrence and the procedure employed to estimate energy 
delivery. Energy consumed was calculated by multiplying the energetic value of the delivered 
item by the probability of consumption. This subjective assessment of consumption was not 
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possible when the presence of a fish was unknown but the number of potential deliveries that 
would have been rejected based on the average rejection rate is likely inconsequential. 
(Presence of a fish was unknown in < 5% of arrivals and < 8% of known deliveries were known to 
be rejected.) 
Total energy requirement of a growing chick depends on age, but the hourly energy 
consumption rate may vary as a function of date independent of age due to the seasonal decline 
in the number of daylight hours available to forage. Therefore, the rate of energy consumption 
was computed on a daily basis (kJ day") by dividing the total energy consumed by a brood of a 
given age by the number of hours observed, then multiplying this hourly rate by the number of 
daylight hours available to forage. Age-effects on energy intake were controlled by averaging 
residuals from the population-level relationship between age and daily energy consumption rate 
for broods in which a single chick was present. We expected those consumption estimates from 
broods observed for longer periods during each day would more accurately represent true daily 
consumption rate, and these were given greater influence in the age vs. consumption model by 
weighting each daily consumption estimate by the proportion of the available daylight hours that 
each brood was actually observed. AIC,w were compared between linear, quadratic, cubic, and 
null models to select the most parsimonious model of energy consumption versus age. 
Growth 
Growth rate varies as a function of age. Therefore, to consider the effect of energy 
consumption on growth, we first needed to quantify a number of growth measures during 
development. Twelve measures of chick growth performance were chosen for analyses: the 
linear rates of mass, tarsus, and culmen growth, asymptotic mass and its associated age, 
fledging age and mass, the rate of mass loss between asymptotic mass and fledge, and tarsus, 
culmen, tenth primary, and folded maximum wing lengths at fledge. As growth is a measure of 
individual performance and it was often not possible to attribute consumption to a particular chick 
in two-chick broods, analyses of second-hatched chick growth are considered separately below. 
All second-hatched chicks were relatively short-lived compared to first-hatched chicks (with the 
exception of one brood found at 16 d of age) and all one-chick broods were therefore presumed 
to be the first-hatched chick. Years were combined because we did not have an a priori reason 
why growth should vary due to year beyond those factors accounted for in the estimate of energy 
consumption. 
To quantify the growth performance measures, we first needed to describe the 
relationship between age and mass, tarsus, culmen, tenth primary, and folded maximum wing 
lengths during the entire pre-fledging period. We did not use classical non-linear models of 
growth (e.g., logistic, Gompertz, von Bertalanffy) because these equations are unable to describe 
mass growth in species whose nestlings experience a mass recession prior to fledge 
(Weimerskirch et al. 2001), such as we observed in our study. In addition, Drent and Daan 
(1 980) suggest that absolute growth rate (grams d-') more accurately reflects nestling demand 
compared to the K-growth parameter represented in classical growth models. Therefore, 
following Weimerskirch et al. (2001), we selected the best-fitting polynomial growth curve by 
comparing AIC,w between linear, quadratic and cubic models fit to the relationship between age 
and each of the above five growth parameters for all broods where only one chick was present at 
capture. A null model was not included in the model set because of the obvious strong positive 
relationship between each parameter and age. Intercept values for the former 3 measures were 
constrained to the average size at hatch values reported by Davis (1 972): mass = 55 g, tarsus = 
26.1 mm, culmen = 9.9 mm. These intercept values of Davis (1972) and those estimated for 
tenth primary and folded wing length by the above procedure were used in the remaining 
calculations involving these parameters (see below). 
Using the best-fitting growth models identified above, we estimated asymptotic mass and 
its associated age, and mass, culmen, tarsus, tenth primary, and folded maximum wing lengths at 
fledge for individual chicks based on estimates of fledging age. The rate of individual mass loss 
prior to fledge was computed as the difference between fledging and asymptotic masses divided 
by the difference in ages (days) of each. The linear growth phases for mass, tarsus, and culmen 
were identified by successively incrementing age from the earliest capture age and comparing 
AIC, between linear and second and third order polynomial models. The age at which the AIC, of 
the linear model exceeded all others (i.e., was a poorer fitting model) was considered to be 
beyond the end of the linear phase. Individual chick linear growth rates for each parameter were 
determined by fitting linear models to each first-hatched chick from singleton and reduced broods 
during the identified period. 
Relating Growth to Energy Consumption 
Both energy consumption and sex identity of individuals were predicted to influence 
chick growth. Therefore, variation in each performance measure of first-hatched chicks was 
investigated using a four-model set based on all combinations of these parameters including a 
null model. For each linear growth measure, age-controlled energy consumption was computed 
for each individual by averaging residual values from an energy consumption model (following the 
model selection procedure detailed above) restricted to the appropriate linear growth period. For 
the remaining growth performance measures, age-controlled energy consumption for individual 
chicks was computed from residual values across the appropriate age period from the 
parsimonious energy consumption model fit to all ages. Sex could not be determined for all 
chicks so an unknown category was included. Females were set as the reference category in the 
analyses and the effects of male and unknown sexes on growth were estimated relative to the 
effect of females. Sex therefore counted as two parameters in the AIC, procedure because 
estimates were made for both the male and unknown categories. 
Growth and Energy Consumption of Two-chick Broods 
As we were often unable to relate consumption to individuals in two-chick broods, we 
drew inference about the effect of energy consumption on the growth rate of individuals in two- 
chick broods by way of a two-step process. First, linear rates of mass gain, and culmen and 
tarsus growth for each second-hatched and first-hatched chick in one and two-chick broods were 
computed as above over the time period that most of the former were present (i.e., 11 days). We 
then compared the effect of chick status on variation in each growth performance measure by 
comparing the AIC,w of a Chick Status model, which categorized individuals as a single chick, or 
the first or second-hatched chick in a two-chick brood, to that of a Null model. Single-chick was 
set as the reference value and parameters for first and second-hatched chicks were estimated 
relative to the single chick. 
Second, age-controlled energy consumption values were calculated during this period for 
each brood as above, including consumption estimates for both one and two-chick broods. The 
importance of brood size to variation in age-controlled energy consumption at the brood level was 
assessed by comparing the AICCw of a Brood Size model to that of a Null model. Broods 
containing a single chick are set as the reference value and the effect of brood size is estimated 
for two-chick broods. We see no reason that growth during the first 11 d of age should vary due 
to chick status alone, but because of some factor related to status. We suspect that this is 
primarily energy intake, although other forms of neglect such as unequal brooding may cause one 
chick to have higher energy requirements for maintenance. We did not consider sex of 
individuals during this early period because many were unknown and because Kenow et al. 
(2003) found minimal difference in growth between the sexes of Common Loons (G. immer) 
chicks up to 42 d of age (average fledging age of Common Loon is 77 d; Mclntyre and Barr 
1997). All values are presented + 1 SE unless note otherwise. 
Results 
We located 84 Red-throated Loon nests during two years of study, 18 of which were 
known to have hatched. An additional nine broods were located post-hatch. While most nests 
originally contained two eggs, only five two-chick broods were observed indicating that either egg 
or chick mortality occurred before hatch was confirmed. A total of 11 chicks were known or 
presumed to have fledged, while 5 prefledging single-chick broods were still active at the end of 
data collection. 
Energy Consumption 
We recorded 1327 adult arrivals during 1630 h of observations on 24 broods: 49% of 
arrivals were known prey deliveries, 92% of which were consumed; the presence of a fish was 
unknown in 8% of arrivals. (Details regarding prey delivery are included in Appendix B). 
Variation in energy consumption during the pre-fledging period with respect to age in broods of 
one chick was best described by a quadratic model, which had an AICcw nearly double that of the 
next-best fitting cubic model and 14 times that of the null model (Figure 3.la, Table 3.3). This 
model indicated that daily energy consumption rate initially increased with age to a maximum 
average rate of 539 kJ day1 at 28 days before declining to fledge. During the mass, tarsus, and 
culmen linear growth phases, energy consumption was also best described as a quadratic 
function of age with AICcw double that of the next-best age-related model (cubic, linear, and 
linear, respectively) and 20 times that of the null model in all instances (Table 3.3). 
Factors Influencing Growth: Single-Chick Broods 
We performed 1 17 captures on 29 chicks representing 24 broods (see Appendix C for 
data summary). Sex identity was determined for 18 individuals, 6 male and 12 female, and 
across models and among growth performance factors considered, sex of individuals most 
frequently had the greatest influence on variation in the response variable. 
Mass Gain 
Mass gain to fledge as a function of age was best described by a cubic model, which had 
an AICcw exceeding that of all other models by >300% (Figure 3.1 b, Table 3.3). Mass increased 
linearly from the earliest capture (4 d) to 31 d at an average rate of 25.3 g day-' + 1.31 (n = 20 
chicks), and was not strongly affected by energy consumption or sex identity (Table 3.4). Sex 
identity did have strong effects on asymptotic mass (Table 3.4), with males achieving greater 
average mass (1089 g + 52.2, n = 6) compared to females (874 g + 22.8, n = 7) and unknowns 
(1054 g, n = 1; Table 3.5). The average age at which asymptotic mass was achieved (42 d k 1.3, 
n = 14) was positively affected by energy consumption, i.e., chicks consuming greater amounts of 
energy grew for a longer period, with a summed AICcw = 0.88 across models energy 
consumption and energy consumption + sex (Table 3.5). This was the only growth performance 
measure for which an effect of energy consumption received substantial support. Sex identity 
also received support for having had an effect on the rate of mass loss prior to fledge (Table 3.4). 
This effect was greatest for the unknown individual (Table 3.5), which lost mass at an average 
Figure 3.1: Variation in a) energy consumption rate, b) mass, c) culmen, d) tarsus, e) folded and 
flattened wing, and f) tenth primary as a function of age for first-hatched chicks in broods where 
one chick is present; equations are presented in Table 3.3. Vertical dashed lines denote the end 
of the linear phase for each of the first three growth parameters. 
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Table 3.4: Akaike weights (AICcw) indicating the relative support for each model in the candidate 
model set for explaining variation in measures of chick growth performance of first-hatched chicks 
in broods where a single chick was present. Shaded cells indicate the best-fitting model for each 
measure. 
Energy Energy Growth Performance Models: Consumption Consumption Sex Null 
+ Sex 
Performance Measure n AICcw AICcw AICcw AICcw 
Linear mass gain rate 
Linear tarsus growth rate 
Linear culmen growth rate 
Asymptotic mass 
Age asymptotic mass 
Age fledge 
Fledge mass 
Fledge culmen 
Fledge tarsus 
Prefledge mass loss rate 
Fledge tenth primary 
Fledge wing length 
a Number of estimated model parameters includes values for intercept and model error, 
plus additional intercept (Sex = 2) andlor slope (Energy Consumption = 1) parameter values. 
b Number of first-hatched chicks in broods where a single chick was present with both 
growth and observational data during the corresponding period. 
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rate of -32.7 g day-' (n = 1). Males also lost mass at a greater average rate (-15.2 g day'' k 3.37, 
n = 4) than females (-7.8 g day-' + 1.35, n = 5). However, there was little support for effects of 
sex of individuals on average age at fledge (50 d + 0.9, n = lo), or average fledge mass (916 g + 
41.7, n = 10). 
Culmen and Tarsus Growth 
Quadratic relationships between age and culmen growth, and between age and tarsus 
growth were found to provide the best fit to the data, with an AICcw in both instances being three 
times that of the cubic model and exceeding the AICcw of the linear model by factors of 17 and 
27, respectively (Figure 3.1~-d, Table 3.3). There was little support for effects of energy 
consumption or sex of individuals on the rate of linear tarsus growth (Tables 3.4 and 3.5), which 
ended at 24 d of age, and increased at an average rate of 1.38 mm day-' k 0.07, n = 20. 
However, a model containing sex alone was strongly supported relative to other candidate 
models for explaining variation in length of tarsus at fledge (Table 3.4). Weighted parameter 
estimates (Table 3.5) indicate that male chicks had a greater average tarsus length at fledge 
(75.7 mm + 0.6, n = 4) compared to females (67.2 mm k 1 .O, n = 5) and those of unknown sex 
(70.0 mm, n = 1). Models including sex identity received considerable support for explaining 
variation in the rate of linear culmen growth (summed AICcw = 0.93) and culmen length at fledge 
(Sex model AICcw = 0.49). Weighted parameter estimates (Table 3.5) indicate that individuals of 
unknown sex had the greatest average linear culmen growth rate (0.9 mm day'' 2 0.1, n = 6) 
compared to males (0.8 mm day'' + 0.02, n = 6) and females (0.7 mm day-' + 0.03, n = 8), and 
had the greatest average culmen length at fledge (unknown 43.4 mm, n = I ;  males 41.4 mm f 
0.9, n = 4; females 37.2 mm k 1 .O, n = 5). However, the effect of sex identity in explaining 
variation in culmen length at fledge was weak as indicated by the comparable support for the null 
model and the inclusion of zero in the in the 95% confidence interval (CI; 1.96 x SE) of the sex 
parameter estimates (Table 3.5). 
Tenth Primary and Wing Growth 
Tenth primary and wing growth were best described by cubic models, for which AICcw 
exceeded the next best-fitting quadratic models in their model sets by factors of 7 and 8, 
respectively (Figure 3.le-f, Table 3.3). The model containing only the sex parameter received the 
greatest support for explaining variation tenth primary length at fledge (Table 3.4). This effect 
was due primarily to the greater tenth primary length of the single individual of unknown sex 
(134.6 mm, n =I), as the weighted parameter estimate for males included zero in their CI, 
suggesting males did not differ from females (Table 3.5; average tenth primary length of males = 
118.4 mm k 2.2, n = 4; females = 113.8 mm k 1.5, n = 5). The null model received the greatest 
support (Table 3.4) in accounting for variation in folded maximum wing length at fledge (mean 
length: 233.2 mm k 4.5, n = 10). 
Factors Influencing Growth: Two-chick Broods 
During the period in which most two-chick broods were active, 40 daily energy delivery 
rate estimates were computed from observations collected from 15 broods, including three two- 
chick broods. Rates of linear growth were computed for 18 individuals, 13 of which were single 
chicks. There was no apparent effect of brood size on average age-controlled energy 
consumption, as the AICcw of the null model was three times that of the brood size model (Table 
3.6) and the parameter estimate for brood size included zero in the CI (Table 3.7). Chick status 
best explained variation in each of the three growth performance measures during this period with 
AICcw for models considering chick status exceeding that of the null model in all instances (Table 
3.6). The CI of the weighted parameter estimates for each chick identity (Table 3.7) indicated 
that only second hatched chicks had lower rates of mass gain (mean growth rate: single 21.1 g 
day-' k 1.89, n = 12; first-hatched 18.1 g day-' k 2.93, n = 3; second-hatched 6.2 g day1 k 1.62, n 
= 3) and tarsus growth (mean growth rate: single 1.58 mm day-' k 0.18, n = 12; first-hatched 1.1 5 
mm day-' k 0.25, n = 3; second-hatched 0.43 mm day-' k 0.12, n = 3) compared to single chicks, 
whereas chick status had a negative effect on the rate of culmen growth of both first-hatched and 
second-hatched chicks compared to single chicks (mean growth rate: single 0.89 rnrn g day1 -+ 
Table 3.6: Aikaike weights (AICcw) indicating the relative support for each model in the two-model 
candidate sets for explaining variation in age-controlled energy consumption (Brood Size), and 
linear growth of individuals (Chick Status) during the first 11 days of age when the majority of two- 
chick broods were active. 
Response Variable Models n a k AICcw 
Energy consumption (kJ day-') Brood Size 15 3 0.22 
Energy consumption (kJ day-') Null 15 2 0.78 
Linear mass gain (g day-') Chick Status 18 4 0.96 
Linear mass gain (g day-') Null 18 2 0.04 
Linear culmen growth (mm day-') Chick Status 18 4 1 .O 
Linear culmen growth (mm day-') Null 18 2 0.00 
Linear tarsus growth (mm day-') Chick Status 18 4 0.82 
Linear tarsus growth (mm day-') Null 18 2 0.19 
a For age-controlled energy delivery, n = number of broods. For linear growth models, n = 
number of individual chicks. 
b Number of estimated model parameters 
Table 3.7: Weighted parameter estimates (& 1 unconditional SE) representing the effect of brood 
size on variation in age-controlled energy delivery, and chick status on rate of linear growth 
during the first 11 days of age when the majority of two chick broods were active. For the energy 
consumption model, broods containing a single chick are set as the reference value and the 
parameter estimate reflects the effect of two-chick broods on age-controlled energy consumption. 
For the linear growth models, single chicks from one-chick broods are set as the reference value 
and parameter estimates for first-hatched and second-hatched chicks from two-chick broods 
indicate the effect size of each on linear growth. 
Response Variable Intercept Broodsize IS'-hatched 2nd-hatched 
Energy consumption (kJ day') 15.7 f 43.8 13.0 f 20.3 
Linear mass gain (g day-') 21.0+ 1.8 -2.9 + 3.7 -14.3 f 3.8 
Linear culmen growth (mm day1) 0.9 f 0.1 -0.4 + 0.1 -0.4 f 0.1 
Linear tarsal growth (mm day1) 1.5 f 0.2 -0.3 + 0.3 -0.9 k 0.4 
0.05, n = 12; first-hatched 0.50 mm day'' + 0.02, n = 3; second-hatched 0.49 mm day-' k 0.05, n = 
3). 
Discussion 
Our results suggest that foraging conditions for Red-throated Loons were less than ideal 
during our years of study. No pair of adults successfully raised two chicks, and all second- 
hatched chicks grew more slowly compared to their siblings or singleton chicks and appear to 
have died from starvation. Growth performance of first-hatched chicks was influenced by 
individual sex identity, but did not appear to be related to energy delivery. However, first-hatched 
chicks in this population grew more slowly, fledged at a smaller size and mass, and had a longer 
pre-fledging period compared to those in similar studies that have investigated growth in this 
species. This indicates that conditions between studies differed, and we suggest that this 
difference was the quantity and/or quality of food available to provision dependent young. 
Factors Influencing Growth: Single-chick Broods 
Variation in energy consumption had no detectable effect on the growth of first-hatched 
chicks in our study. The pattern of energy consumption described in Figure 3 . la  is similar to that 
of the young of many birds and reflects the increase in daily energy requirement with age to a 
point of peak demand midway through development (Drent and Daan 1980, Weathers 1996). We 
recorded a peak in energy consumption at 28 days, which is the approximate end point of linear 
growth. However, we did not detect evidence of effects of energy consumption or sex of 
individuals on rates of linear mass gain or linear tarsal growth. Sexual size differentiation in loons 
may not occur at such a young age (Kenow et al. 2003), and growth may be insensitive to the 
range of energy consumption we recorded due to chicks' competing demands for energy. Young 
birds devote only 13-28% of their energy budget to growth, expending the majority on basal 
metabolism, thermoregulation, and activity (Weathers 1996), and young loons have much higher 
metabolic costs than would be predicted by body mass alone due to the increased rate of heat 
loss associated with living in water (Fournier et al. 2002). In addition, individuals can make 
physiological and behavioural modifications to conserve energy when consumption is temporarily 
reduced, later accelerating growth when adequately provisioned (Murphy 1996). 
If growth is relatively insensitive to variation in energy intake and chicks are able to 
conserve energy during a shortfall, we might only expect to observe a response in growth 
parameters once these compensatory measures have failed and when deprivation is prolonged. 
The linear growth rates of chicks from our study were 81 %, 91 % and 74% of those reported for 
Red-throated Loons from the Hudson Bay region for tarsus, culmen, and mass, respectively 
(Table 3.8; Davis 1972; rate of mass gain calculated using reported mass at hatch and median 
mass values estimated at 31 d of age from his figure 8). This suggests that chicks from our study 
received insufficient energy to maintain similar levels of growth. This is supported by Davis 
(1972) who reported a correlation between interannual variation in growth and the amount of food 
received, and that lower growth rates during one year of his study likely reflected a reduction in 
prey availability. 
Sex identity of individuals was the most important factor accounting for variation in growth 
measures of first-hatched chicks in singleton and reduced broods. This influence was most 
prevalent beyond the linear growth phase and males had a greater asymptotic mass and tarsus 
length at fledge than females (Tables 3.4 and 3.5). This is not a surprise as adult males are 
larger and heavier than females on average (Barr et al. 2000). All individuals also lost mass prior 
to fledge (Figure 3.1 b). Pre-fledge mass recession has been reported in a number of other birds, 
and is commonly associated with nestlings exceeding adult mass then losing intracellular water 
from maturing tissues prior to fledging (Ricklefs 1968). While some water is undoubtedly lost 
during tissue maturation, chicks in our study never achieved adult mass during development. In 
addition, we did not detect evidence of a difference between sexes in estimated fledging mass 
(Table 3.5). There also was no difference between the sexes in age of asymptotic mass and age 
of fledge and therefore males lost mass at a greater rate prior to fledge compared to females. 
Hipfner and Gaston (1999) suggest that members of the family Alcidae delay fledging 
until wing length has adequately developed, and our data seem to support this suggestion. Wing 
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and tenth primary lengths were the least variable growth parameter we measured (Figures 3.le-f) 
and their estimated lengths at fledge did not differ between males and females. Wing length 
growth decelerated approaching fledge, whereas tenth primary length continued to steadily 
increase. These data suggest that achieving sustainable flight is a function of mass and 
development of flight feathers and, because Red-throated Loons are heavily wing-loaded (body 
mass:wing area; Norberg and Norberg 1971), larger male chicks may have to lose proportionally 
more mass than females to achieve sustainable flight on the same wing area. Parents reduce 
provisioning prior to fledge, possibly in part to encourage young to fledge (Ydenberg 1989). 
However, it is unclear how males lost mass at a greater rate because we did not detect an energy 
consumption effect. It is possible that our sample size was insufficient to detect a difference in 
energy consumption during the short period of time between asymptotic mass and fledge. 
Alternatively, the larger mass loss of males may be a function of their greater asymptotic mass. 
Body mass is positively correlated to metabolic expenditure (Weathers 1996, Fournier et al. 2002) 
and energetic expense of flight (Norberg 1996), and larger males may have spent more energy 
on maintenance and flight training compared to females, resulting in a greater rate of mass loss 
prior to fledge. 
The average age of fledge estimated in our population, 50 d (range 44-54 d), was greater 
than has been reported elsewhere (Table 3.8): Queen Charlotte Islands (average 48 d, range 46- 
50 d; Douglas and Reimchen 1988), northern Yukon Territory (average 47 d, range 43-52 d; 
Dickson 1993), the Canadian high arctic (average 42 d, range 38-52 d; Barr et al. 2000), and the 
Shetland Islands (43 d, range 38-48 d; Bundy 1976). Petersen (1976) reported a pre-fledging 
period of 55 d and 58 d for two chicks from the Yukon Delta. Eberl (1993) suggested that the 
shortened prefledge period of Red-throated Loons at higher latitudes is in response to a shorter 
duration of open water, and a similar response to a shorter breeding season has been reported 
for Yellow-billed Loons (G. adamsii; North and Ryan 1988) and Common Loons (G. immer; 
Yonge 1981, as cited in Eberl 1993). Under these environmental constraints, parents may be 
willing to work harder to feed their young and, assuming time rather than parental energy 
constrains the daily rate of energy delivery, an increase in day length with latitude would afford 
76 
parents more foraging hours during each day. This could result in an increased rate of 
development and a shortened pre-fledging period. However, the latitude of our study site and 
that of Petersen (1976) is intermediate to those of the studies mentioned above. In addition, 
chicks in our study had a lower estimated mass and wing length at fledge compared to the 
Shetland Islands (Table 3.8), where average mass and wing length at fledge were 1323 g k 160.1 
SD and 246 mm k 5.0 SD, respectively (Okill and Wanless 1990). Therefore, it appears parents 
in our study region were not able to take advantage of longer foraging days to increase growth 
rate and reduce pre-fledging period duration of their chicks, possibly because prey were more 
difficult to locate in this environment, occurred in lower abundance, and/or were energetically less 
valuable. 
We did not detect strong effects of sex of individuals or any effect of energy consumption 
on culmen length at fledge, and our estimated measures of tarsus and culmen lengths at fledge 
are comparable to those from the Shetland Islands (Table 3.8): average tarsus and culmen 
lengths at fledge were 74 mm k 3.5 SD, and 40 mm k 2.0 SD, respectively (Okill and Wanless 
1990). Based on average culmen and tarsus lengths of adult Red-throated Loons (Barr et al. 
2000), culmen lengths of male and female chicks from this study were 72% and 75% of adult 
length, respectively, whereas tarsus lengths were 105% and 97%, respectively. This is further 
illustrated in figures 3 . 1 ~ - d ,  in which tarsus appears to have reached a plateau by fledge while 
culmen length continues to increase. This differential growth likely reflects the relative 
importance of each to survival (Davis 1972). Because chicks do not acquire their own prey, gape 
width, rather than culmen length, likely constrains the size of fish that can be consumed, and 
there may be limited selective pressure on devoting energy to culmen growth. However, strong 
legs are required early on during development for swimming and escaping predators, and later for 
assisting in take-off to fledge, and pursuing prey following independence. Therefore, selection 
would favour rapid leg growth (Davis 1972). Because the rate of linear culmen and tarsus growth 
from our study was less than reported elsewhere, the long pre-fledging period reported in our 
study may represent both an energetic constraint on flight feather development, and on tarsus 
development if tarsus length influences post-fledging survival by influencing foraging and predator 
avoidance abilities. 
We did detect a positive effect of energy consumption on age of asymptotic mass. 
However, consumption had no apparent effect on asymptotic mass, maximum body size, rate of 
pre-fledge mass loss, or age at fledge. Rather than growing faster and achieving asymptotic 
mass early in order to fledge at a younger age, chicks that were provisioned at a higher rate 
gained mass for a longer period of time without becoming any heavier, then lost mass at a higher 
rate and fledged at a similar mass and age as other chicks. It is not clear why this was the case, 
when we failed to detect an effect of energy consumption on the rates of linear mass gain and 
mass loss. One possible explanation is that individuals achieving asymptotic mass later were 
more active beyond the linear growth period and spent a greater proportion of their energy budget 
on these higher levels of activity. 
Factors Influencing Growth: Two-chick Broods 
We believe that energy consumption played an important role in growth performance and 
survival of second-hatched chicks. There was no effect of brood size on energy consumption, 
indicating that parents did not increase the level of provisioning when two chicks were present. 
Because older siblings are larger and have a competitive advantage over their brood mate, they 
typically receive a greater proportion of the prey deliveries, particularly early in the day, 
suggesting they must be adequately fed before the smaller sibling receives any food (Davis 
1972). As a result, mass and tarsus length of second-hatched chicks increased at much lower 
rates than those of both first-hatched and single chicks, which did not differ from one another 
(Table 3.7). Davis (1972) reported similar growth differences between chicks, although he also 
found no difference in culmen length between single and first-hatched chicks, whereas we 
recorded a similar reduction in the rate of culmen growth for both first and second-hatched chicks 
compared to singletons. Davis (1972) also reported higher rates of growth during the linear 
phase for single chicks compared to our study. The second-hatched chicks in our study did 
receive some portion of the feeds, suggesting that energy consumed by first-hatched chicks was 
less than that of single chicks. This could explain the reduction in the rate of culmen growth of 
first-hatched chicks compared to singletons in our study. If there is no selection pressure for 
rapid culmen development, and if energy consumption is limited, reducing culmen growth may be 
one means of conserving energy. These data indicate that energy delivery in our study was 
inadequate to meet the needs of two-chick broods, resulting in brood reduction due to starvation 
of the younger sibling, and, compared to Davis (1972), prey were less available during our study. 
Brood reduction is commonly reported in Red-throated Loons, and is most frequently 
linked to starvation of the younger chick. In the Queen Charlotte Islands, provisioning frequency 
was increased only slightly to a two-chick brood compared to a brood of one, resulting in brood 
reduction at 12 d of age (Reimchen and Douglas 1984). This provisioning pattern differs from 
that recorded in Sweden (Eriksson et al. 1990) and in the Canadian high arctic (Eberl and Picman 
1993) where parents nearly doubled the number of fish brought daily to two-chick broods. This 
may reflect differences in required provisioning effort. The increased frequency of provisioning in 
combination with the earlier age of fledge in the Canadian high arctic (Eberl and Picman 1993) 
suggests prey may have been more abundant during their study. However, pairs nesting further 
from foraging waters provisioned their broods at a lower rate than those on near-territories and 
these far broods were more frequently reduced, possibly due to starvation of the younger chick 
(Eberl and Picman 1993). These findings support our conclusion that foraging conditions were 
inadequate during our two years of study: i.e., no pairs were able to successfully raise a brood of 
two due to the apparent starvation of the second-hatched chick. This is in contrast to other 
studies (Bundy 1976, Gomersall 1986, Okill and Wanless 1990, Dickson 1992, Eberl and Picman 
1993) in which two-chick broods were successfully fledged, suggesting that provisioning 
conditions in those areas were much better (see Chapter 4). 
Implications of Energy Consumption to Declining Populations 
There is little information on historic trends of ecologically similar avian taxa and fish 
community composition in the vicinity of our study population, and few studies that have 
quantified Red-throated Loon chick growth for comparison to our results. Therefore, we can only 
speculate whether the decline in Red-throated Loons reported by Groves et al. (1996) was a 
result of changes in the prey base to one of lower quality andlor quantity such that parents were 
unable to sufficiently provide for their growing chicks. However, there are several indications in 
our data that suggest this could be the case. Red-throated Loons are long-lived and parents are 
expected to modulate their efforts for a given year to maximize lifetime reproductive success. 
Brood size is the primary means of adjusting parental effort when foraging capacity is constrained 
(Drent and Daan 1980) and our growth measures of second-hatched chicks suggest all likely died 
from starvation. This clearly suggests that provisioning conditions were inadequate for parents to 
meet energy requirements to successfully raise a brood of two. 
Following brood reduction, the only means available to parents to adjust reproductive 
effort, besides abandonment, is to reduce growth rate (Drent and Daan 1980). First-hatched 
chicks in our study grew more slowly, fledged at a smaller size and mass, and had a longer pre- 
fledging period compared to other published data. This indicates that parents were constrained in 
their ability to adequately provision their surviving chicks. This depressed growth may have 
repercussions for survival both during, and following the pre-fledging period. Reduced energy 
intake during the linear phase may increase wandering and begging behaviours of hungry chicks, 
thereby increasing exposure to predators (Bukacinska et al. 1996, Bukacinski et al. 1998). In 
addition, reduced rates of growth could prolong the period when chicks are most susceptible to 
predation (Bukacinski et al. 1998). This could indeed be the case for Red-throated Loon, whose 
diving skills and therefore ability to escape predation attempts, are likely dependent on tarsus 
development. Lower fledge mass could have negative repercussions for post-fledging survival. 
Parents remain with their young 5 1 week post-fledge (Barr et al. 2000), leaving them responsible 
for feeding themselves. Without adequate energy reserves, juveniles may be unable to survive 
while they develop foraging skills. If foraging conditions were further depressed under a different 
prey regime, as reported in other Alaskan piscivorous communities, evidence from our study 
suggests that growth and survival of young could be reduced further, promoting the decline of 
Red-throated Loon populations. 
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Chapter 4 
Effects of energy consumption and parental attendance 
on survival of Pre-fledging Red-throated Loons (Gavia 
s tella ta) . 
This chapter has been prepared for submission for publication with the following authorship: Ball, 
J. R., J. A. Schmutz, and D. Esler. 
Abstract 
Parent loons (family Gaviidae) must provide their semi-precocial young with both 
adequate energy intake and protection from predators to ensure survival during the pre-fledging 
stage. Unlike other loon species, these parental duties are in conflict for Red-throated Loons 
(Gavia stellata), which leave their broods to capture fish from nearby marine waters. We 
estimated effects of parental attendance and energy consumption on brood survival of Red- 
throated Loons on the Yukon-Kuskokwim Delta, Alaska during 2002-2003. Chick mortality was 
highest during the first week of age and, during this period, variation in energy consumption was 
positively related to survival probability, which varied 16.4% over the range of consumption 
values recorded. In contrast, attendance variation was found to have no effect on survival 
probability during the first week. However, when chicks were young and most vulnerable to 
predation, attendance was generally high and less variable than in later weeks, suggesting that 
protection of young chicks from predators was too critical to survival to be varied. Beyond the 
first week of age, parents attempted to balance the attendance and energy needs of their broods 
more equally, although overall chick survival in our study was lower than reported elsewhere. 
Parents in our study also spent less time with their broods than described in other studies, 
possibly because more time was devoted to finding prey, which is suggestive of a prey shortage 
hampering reproductive efforts. We conclude that changes in oceanic conditions and 
subsequently forage fish quality andlor quantity could directly affect chick survival and population 
dynamics. Red-throated Loon numbers have declined in recent decades and our work indicates 
a mechanism that may have led from regional environmental change to demographic fluctuation. 
Introduction 
Numbers of Red-throated Loons (Gavia stellata) breeding in Alaska declined by > 50% in 
recent decades (Groves et al. 1996), a trend similar to that reported in several piscivorous 
seabirds that also breed in the state (National Research Council 1996, Piatt and Anderson 1996, 
Agler et al. 1999). Many of these seabird declines have been linked to changing oceanographic 
conditions and an impoverishment of the prey community, resulting in reduced reproductive 
output (Decker et al. 1995, Hunt et al. 1996, Anderson and Piatt 1999). During this period, 
sympatrically nesting Pacific Loon (G. pacifica) populations have remained stable. Red-throated 
Loons have similar nesting attributes and parental duties as Pacific Loons: semi-precocial chicks 
are raised on a nesting pond until fledging and parents share responsibility for brooding, 
protection from predators, and prey acquisition during the pre-fledging period (Barr et al. 2000, 
Russell 2002). However, unlike Pacific Loons that provision their chicks with fish and 
invertebrates from the nest pond, adult Red-throated Loons travel to nearby marine waters to 
collect fish, which they deliver singly to their brood. This suggests that declines in Red-throated 
Loon numbers, like those of many piscivorous seabirds, may have resulted from reduced 
productivity in response to poorer foraging conditions in the nearshore marine environment. 
While reduced breeding success may ultimately be due to reduced prey availability, the 
proximate cause of brood failure is often unclear. During brood rearing, Red-throated Loons are 
faced with a conflict in their parental duties because they are unable to capture prey and attend 
chicks simultaneously. It is expected that parents allocate their time in response to variations in 
demand; as chicks age, their energy requirement increases while their vulnerability to predation 
declines. When foraging conditions are restricted, parents must alter this balance between 
provisioning and attendance in a way that maximizes s u ~ i v a l  probability of the brood. Brood 
reduction is the primary means of adjusting parental effort (Drent and Daan 1980), and is 
common both in seabirds and in Red-throated Loons (Barr et al. 2000). If brood reduction is 
insufficient to alleviate provisioning restrictions, parents may choose to increase the effort they 
devote to foraging by searching longer for valuable prey items, or by making a greater number of 
deliveries of lower quality items in an attempt to maintain the rate of energy delivery and chick 
growth. 
However, increased foraging effort requires parents to spend additional time away from 
their brood, exposing chicks to predation. When foraging conditions are poor, generalist 
predators such as gulls that also prey on fish, may increase their predation pressure on chicks 
(Regehr and Montevecchi 1997). Therefore, parents may reduce energy delivery to remain in 
attendance, exacerbating energetic constraints during poor prey conditions. Restricting energy 
intake can have both short and long-term consequences for chick survival. Hungry chicks are 
less likely to remain concealed when adults are absent, thereby increasing exposure to predators 
(Bukacinska et al. 1996). Reduced energy intake also can depress development, increasing the 
length of time that chicks are most vulnerable to predation (Bukacinski et al. 1998), and reducing 
post-fledging survival probability (Perrins et al. 1973, Gaston 1997). Therefore, parents are 
expected to be sensitive to both energy and attendance needs of their brood. 
As compared to other loon species, the greater reliance of Red-throated Loons on the 
marine environment coupled with their conflicting parental duties, suggests that declines in Red- 
throated Loons in Alaska may be due to negative changes in their prey base such that parents 
are unable to fulfill all of their broods' requirements. Our aim was to examine effects of variation 
in energy consumption and parental attendance on weekly brood survival among family groups of 
Red-throated Loons. We expected survival to be positively related to both attendance and 
energy consumption. However, if pairs were constrained in meeting both energy and attendance 
needs of their broods, when chicks are very young and their vulnerability to predation is high we 
predict attendance to be more important to survival and therefore less variable among broods 
compared to energy consumption, and that survival probability would be positively related to 
variation in energy consumption. When chicks are older and energy demand is greater and 
predation vulnerability is lower, we predict parents would reduce attendance to meet energy 
requirements, and that survival would be positively related to energy consumption. Between 
these two stages, when both attendance and energy needs are moderately high, positive 
relationships between survival and one or both of attendance and energy consumption might be 
expected reflecting variation in risk assessment and pair quality. Support for one or more of 
these predictions would indicate breeding success may be dependant on prey conditions, which 
is consistent with a hypothesis linking declining populations to changes in the ocean environment. 
Methods 
Study Area and Field Methods 
Parental behaviour and reproductive performance of Red-throated Loons were studied 
during 2002 and 2003 on the Yukon Delta National Wildlife Refuge (N 61" 12', W 165" 06') in 
western Alaska. During summer months, this coastal region is home to vast numbers of breeding 
waterfowl, shorebirds, and loons, as well as several predators of eggs and chicks including Arctic 
Fox (Alopex lagopus), Mink (Mustela vision), Sandhill Cranes (Grus canadensis), jaegers 
(Stercorarius spp.), Common Raven (Con/us corax), and Glaucous Gulls (Larus hyperboreus). 
Adult loons nest on pond shorelines of low-lying wetlands, and forage in tidal waters of river 
estuaries, adjoining tributaries, and bays. Typically two eggs are laid, although brood reduction is 
common due to hatch asynchrony and starvation of the younger chick (Davis 1972, Reimchen 
and Douglas 1984, Eberl and Picman 1993), and adults frequently raise only a single chick. 
Nest searching was conducted early in the breeding season by systematically searching 
pond shorelines in the study area. Accurate age determination was necessary for quantifying 
age-related parental behaviours and survival probability. Hatch date estimates and age 
estimates of chicks found post-hatch were made following methods described in Chapter 3. All 
nests showing evidence of hatch, including those with pip fragments and egg membrane and 
shell halves, were considered to be active broods at one time. Broods were visited at least 
weekly for capture (Chapter 3) and observations, at which time fate (dead or alive) was 
determined. Fledge occurs once young loons develop adequate flight skills and are able to fly 
from the nest pond to adult foraging sites. However, family groups may change ponds more than 
once during the pre-fledging period, and chicks have been observed moving overland to adjacent 
ponds (this study, Dickson 1992, Eberl 1993). Broods absent from the pond where last observed, 
and which could not be relocated following an extensive search of neighbouring ponds, were 
assumed to be dead if they were younger than the minimum known fledging age (44d; this study) 
and had not demonstrated adequate flight skills during previous observations. 
To relate energy consumption and parental attendance to survival, provisioning 
behaviour was observed from blinds using spotting scopes (see Chapter 3 for details regarding 
observation protocol). Observers recorded the time at which adults arrived or departed, whether 
the arriving adult had a fish, and whether the prey item was consumed. Delivered fish were 
identified to prey category (table 3.1 in Chapter 3) and length was estimated relative to adult gape 
length. Prey consumption by a chick was not always observed. However, observers were able to 
assign a probability of consumption (~0.5,  2 0.5, 2 0.75, 1 .O) to each delivery based on a 
common sequence of behaviours performed by provisioning adults (Reimchen and Douglas 
1 984). 
Parental Attendance 
Chicks rely on the presence of a parent for brooding and predator protection. Eberl and 
Picman (1993) noted that when a two-chick brood was disturbed, an adult accompanied each 
chick on the pond suggesting that two parents may be more effective than one under these 
circumstances. However, as we only considered survival probability of first-hatched chicks (see 
below), we assumed that these individuals would be preferentially brooded and guarded, and that 
presence of a single adult was sufficient to meet their attendance needs. An adult was 
considered to be in attendance when it was on the same pond as the chick and the time spent 
unattended was computed as the proportion of time that zero adults were present during each 
day of observation. 
Energy Delivery and Consumption 
The rate at which energy is delivered influences chick survival, in part, by affecting 
parental attendance through trip duration and trip frequency. However, not all prey items are 
consumed (e.g., due to satiation, chick handling constraints, kleptoparisitism, or disturbance 
preventing prey transfer). When considering chick survival as it relates to energetic needs for 
growth and maintenance, the rate of energy consumption is more relevant than energy delivery. 
Therefore, both energy delivery and consumption rates were considered. It was not possible to 
apportion prey deliveries among siblings in two-chick broods to relate energy consumption to 
individual survival. However, all but one brood in our study were reduced to one chick by 11 d of 
age, apparently from starvation of the smaller, second-hatched chicks (Chapter 3). We did not 
detect any difference in energy consumption between single and two-chick broods and, although 
second-hatched chicks did receive some of the delivered prey, we did not find any evidence that 
first-hatched chicks in singleton and reduced broods gained mass or tarsus length at different 
rates (Chapter 3). This suggests that first-hatched chicks in two-chick broods were preferentially 
fed relative to their siblings, and that their energy requirements were being met similarly to first- 
hatched chicks in one-chick broods. We therefore only considered survival probability of first- 
hatched chicks in all broods. When explicitly considering the relationships between energy 
consumption and survival, we only used data from single-chick broods. Because parental 
absence influences all brood members equally, we used data from both single and two-chick 
broods when considering relationships between attendance and survival, and attendance and 
energy delivery. 
Computing energy delivery during an observation period requires quantification of several 
parameters: the number of prey deliveries, the size and type of each prey item, the energetic 
content of each item, and, for energy consumption, the probability that the item was consumed. 
Adult arrivals in which one or more of these variables could not be determined required that an 
estimate be made based on known events for that pair, preferably at the same brood age. 
Details of the estimation procedure and equations for calculating energetic value of prey items 
are provided in Chapter 3. Red-throated Loons are not known to forage at night (Reimchen and 
Douglas 1984) and, at this latitude, the number of daylight hours available to provision varied 
considerably during the chick-rearing period. Therefore, energy delivery and consumption were 
computed as daily rates (kJ day1) by dividing the total energy delivered or consumed during an 
observation period by the number of hours observed, multiplied by the number of daylight hours 
available to forage on the day observed (for Chevak, Alaska, c. 40 km NW of study site). 
Statistical Analyses 
Data analysis was performed in an information-theoretic context (Burnham and Anderson 
2002) using Akaike Information Criterion, adjusted for small sample size (AIC,). This approach is 
particularly useful for observational studies in which multiple factors may be acting 
simultaneously. This procedure ranks a set of candidate models based on their respective AIC, 
values, which reflect the support for each model for explaining variation in the dependant 
variable, given the data (Anderson et al. 2000, Burnham and Anderson 2002). Lower AICc 
values represent a more parsimonious model fit. To aid comparison between models, we 
computed AIC, weights (AIC,w), which sum to 1 across the candidate model set and indicate the 
relative support for each model given the data and the set of models considered (Burnham and 
Anderson 2002). Adjusted AIC,w were also computed, which account for redundancy among 
models by incorporating model prior values into the AIC,w computation (Burnham and Anderson 
2002). These adjusted AIC,w were used to compute weighted parameter estimates and 
unconditional SE accounting for model uncertainty among the candidate set of models 
considered (equations 4.3 and 4.9 respectively in Burnham and Anderson 2002). Years were 
combined in all analyses because variation was assessed between individual broods and any 
interannual variation in prey availability, predation pressure, or brooding requirements would be 
evident in the provisioning and attending decisions of individual pairs and the resulting survival of 
their brood. Details of model parameters and candidate model sets are provided below. 
We predicted a priori that relationships between survival and consumption and 
attendance likely varied by age. Therefore, survival probabilities were calculated on a weekly 
basis and the observed cumulative survival probability was computed using a Kaplan-Meier 
procedure (Pollock et al. 1989). Broods located post-hatch were included in the survival analysis 
beginning on the week of age found, and were censored from analyses during earlier weeks. To 
relate consumption and attendance to survival, we first needed to control for age-related variation 
in these factors. We computed age-controlled rates of energy delivery, energy consumption, and 
the proportion of time the brood was unattended as residual values from the population-level 
relationship between each of these parameters and age. We (Chapter 3) determined that a 
quadratic model best described the relationship between energy consumption and age of single- 
chick broods during the entire pre-fledging period, and we applied this model to both energy 
consumption and delivery. This same model-selection procedure of comparing AICCw between 
cubic, quadratic, linear, and null models (Chapter 3) was used here to identify the best-fitting 
model describing proportion of time unattended and age. Age-controlled values were averaged 
to provide weekly estimates for each brood. For those broods without weekly consumption or 
attendance data (i.e., not observed during a particular week of age or two chicks present), mean 
weekly values computed across broods were applied. As all of the survival models are linear 
(see below), relationships between survival and variation in attendance and consumption were 
unaffected by the inclusion of these mean values. 
We assessed effects of attendance and energy consumption on weekly survival 
probability using four subsets of models in a known-fate analysis using program MARK (White 
and Burnham 1999). One model subset contained a single model (AGE) representing weekly 
variation in survival but no effect of attendance or consumption; this model equates to a standard 
Kaplan-Meier model (Pollock et al. 1989). The second model subset also contained a single 
model (NULL), and was a constrained form of the first model with one parameter representing 
constant survival over time. The two remaining model subsets included covariate effects of 
attendance (ATTO or consumption (CON0 during each week of age (0. Each model in these two 
subsets contained two parameters representing an intercept and a slope for a single week- 
specific effect of either attendance or energy consumption. The relative strengths of the above 
models were compared using AIC, and the candidate model set was completed by constructing 
additional models reflecting combinations of the week-specific attendance and energy 
consumption covariates from those models that had lower AIC, values than the two models 
without covariates (i.e., AGE and NULL models). 
To compute estimates across the candidate model set it was necessary to account for 
redundancy in parameters among models (Burnham and Anderson 2002). Each of the four 
model subsets had an initial model prior value of 0.25. Final prior values for each model were 
computed by dividing the initial subset prior value by the number of models in each model. Model 
AICcw were then adjusted by their respective final prior values to account for redundancy 
(Burnham and Anderson 2002). Weekly survival probabilities accounting for model uncertainty 
and model redundancy were estimated by summing the survival probability estimates of all 
models in the candidate model set weighted by their respective adjusted AICcw. The effects of 
energy consumption and proportion of time unattended on survival probability were assessed by 
computing weighted parameters estimates and unconditional SE across all models in the set of 
candidate models during each week. These weighted estimates were then applied to the 
appropriate week-specific covariate data for each brood to graphically represent the magnitude of 
effect. Finally, we investigated variation in weekly parental provisioning behaviour by computing 
standard deviations (SD) of the age-controlled proportion of time unattended and daily energy 
delivery rate parameters for all broods that were observed. All values are presented k 1 SE 
unless noted otherwise. 
Results 
We collected data on 27 broods during two years of study, 7 of which were observed to 
be two-chick broods. Of the 18 nests located prior to hatch, most (83%) were two-egg clutches. 
However, two chicks were observed in only 3 of these cases indicating that either egg or chick 
mortality occurred before hatch was confirmed. No second-hatched chicks survived to fledge. A 
simple Kaplan-Meier analysis without considering survival consequences of energy delivery or 
parental attendance indicated that brood loss was highest during the first week of age with a 67% 
& 9% survival probability (Figure 4.1, Appendix C). Survival improved during weeks two and 
three, and only a single mortality was recorded beyond week 3, at approximately 32 d of age, due 
to a puncture wound in the neck, possibly from an intruder loon. At the end of six weeks, 16 
broods were still active. 
We conducted 1368 h of observations on 24 broods, including 4 two-chick broods, during 
their first six weeks and observed 561 prey deliveries, 95% of which were consumed (see 
Appendix B for details). Both attendance and energy delivery and consumption were highly 
I 
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Figure 4.1: Cumulative weekly brood survival probability (k 1 SE) to the earliest potential age of 
fledge (44 d; this study) during 2002 and 2003 combined (n = 27). 
variable at all ages. The proportion of time that the brood was left unattended steadily increased 
with age and was best described by a linear model (Figure 4.2a; y = (-0.01 k 0.04) + (0.01 1 + 
0.002)*Age; R' = 0.273; n = 118 observations) with an AIC,w = 0.47. The AIC, of the linear 
model was < 0.76 compared to the next-best fitting cubic model, and < 35.61 compared to a null 
model. The quadratic models describing daily energy delivery rate to all broods (y = (279.1 + 
102.3) + (28.6 k 11.3)*Age - (0.56 + 0.26)*~ge'; R' = 0.066; n = 118 observations) and daily 
energy consumption rate of single-chick broods (y = (1 95.6 + 100.1) + (29.2 + 10.6)*Age - (0.60 + 
0.24)*~ge'; R' = 0.072; n = 107 observations) are presented in Figure 4.2b. 
Analysis of effects of energy consumption and attendance on survival requires a 
minimum of one mortality with corresponding observational data per week. Our data met those 
conditions for the first three weeks of age. The best-fitting models relating age and energy 
delivery, energy consumption, and proportion of time unattended described above were refit to 
this time period and average weekly age-controlled covariate estimates were computed for each 
brood. A total 26 broods were included in the survival analysis. Considering all models in the 
candidate model set, estimated weekly survival probabilities suggest that survival during week 1 
was lower than during weeks 2 and 3, although the 95% confidence intervals (CI = 1.96*SE) of 
these estimates overlapped (Table 4.1). 
Energy consumption during the first two weeks of age, both as a combined effect 
(CON1 +CON2) and for each week separately (CON1, CON2), received the greatest support for 
explaining survival variation (Table 4.2). The AIC, values of these models exceeded that of the 
one-parameter model without age effects (NULL) by 0.51-1.32. Although the parameter 
estimates for energy consumption during weeks 1 and 2 included zero in their CI (0.01 1 * 0.01 3 
and -0.005 + 0.006, respectively; values are on a logit scale), the greater support for these 
models compared to those without this covariate suggests a real effect on survival probability. 
The magnitude of the CI may be due to small sample size: the number of broods observed during 
each week with unique covariate values ranged from 11-13. However, these relationships are 
clearly evident in the association between consumption and survival probability computed from 
the weighted parameter estimate for consumption during week 1 and week 2 (Figure 4.3a-b). In 
Figure 4.2: Proportion of time observed that one and two chick broods were unattended (a), daily 
rate of energy delivery to all broods (b; open symbols, dashed line), and daily rate of energy 
consumption of single-chick broods (b; closed symbols, solid line) less that seven weeks of age. 
Table 4.1: Estimated weekly survival probability (2 1 unconditional SE) from the set of candidate 
models considered in Table 4.2, and cumulative weighted mean survival probability (5 SE) of 
Red-throated Loon broods during the first 3 weeks of age. 
Week Weekly survival probability Cumulative survival probability 
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Figure 4.3: Estimated survival probability of Red-throated Loon broods (a-c) based on weighted 
model parameter estimates of age-controlled proportion of time unattended (open circles) and 
age-controlled energy consumption (kJ day-'; closed circles), and the relationship between age- 
controlled energy delivery (kJ day-') and age-controlled proportion of time unattended (d-e) during 
the first 3 weeks of age. 
week 1, survival probability increased 16.4% over the range of energy consumption measured. In 
contrast, and quite surprisingly, survival probability was negatively related to energy consumption 
during week 2, decreasing c. 12% over the range of energy consumption measured. We did not 
detect an effect of week without covariates (AGE), nor did we find strong support for an effect of 
consumption during the third week (CON3), or for attendance during any week (ATTQ, as all of 
these models received less support than the NULL model (Table 4.2) and survival probability 
varied < 1% over the range of values observed with the exception of attendance during the first 
week, which varied < 4% (Figures 4.3a-c). 
Variation in parental attendance and rate of energy delivery differed among weeks. Age- 
controlled proportion of time unattended was least variable during the first week of age compared 
to weeks 2 and 3 (SD: 0.10, 0.30, 0.20, respectively), whereas variation in age-controlled energy 
consumption increased with age (kJ day-' SD: 172, 333, 560 for weeks 1-3, respectively; Figures 
4.3d-f). We did not detect a statistically significant relationship between attendance and energy 
delivery during any week (week I :  F,, 11 = 3.1, P = 0.1 I ;  week 2: F,, = 0.4, P = 0.54; week 3: F,, 
12 = 0.6, P = 0.47) 
Discussion 
The ability to hatch and rear young to fledging can be highly variable, and is influenced 
primarily by local conditions (Hatch and Hatch 1990, Dickson 1992). Our results suggest that 
breeding success of Red-throated Loons in our study population was poorer than has been 
reported elsewhere. We also found evidence suggesting parents experienced poor-quality 
foraging conditions and were constrained in their ability to meet all of their broods' requirements. 
Although parents varied their time budget in response to age-related variations in brood demand, 
they appeared unable to provide both adequate attendance and a sufficient rate of energy 
delivery, particularly when chicks were young, and this had negative repercussions for brood 
survival. 
During our study, survival probability from hatch to the earliest potential age of fledge was 
estimated to be 49% + 9%. The majority (91 %) of brood failures occurred during the first three 
weeks following hatch, with brood survival probability being lowest during the first week. All two- 
chick broods except for one were reduced to one chick by 12 d of age. In combination, these 
data imply that the first three weeks are a critical stage in the pre-fledging period, particularly the 
first week. Other Red-throated Loon studies also have reported chick mortality to be highest 
during the first few weeks following hatch (Bundy 1976, Gomersall 1986, Dickson 1993), although 
survival estimates from our study are generally lower than have been reported elsewhere (Table 
4.3). For example, on Bathurst Island, brood survival from hatch to fledge ranged from 88% to 
100% during two years of study, and more than 40% were broods of two chicks (Eberl and 
Picman 1993). In the Shetland Islands, studies conducted in the early 1970's and in the early 
1980's reported annual brood survival ranging between 53-87%, with some two-chick broods 
reported to be successful in all but one year (Bundy 1976, Gomersall 1986). During three years 
of study in the Hudson Bay region, 62% of broods were successful, 5% of which were two-chick 
broods (Davis 1972). On the Queen Charlotte Islands, 55% of chicks hatched successfully 
survived to fledge (Douglas and Reimchen 1988). In the northern Yukon Territory, 62-67% of 
hatchlings survived to fledge during three years, and some two-chick broods were successful in 
each of these years (Dickson 1992), although survival was < 38% during two other years. 
Dickson (1992) concluded that higher predation pressure, rather than poor prey availability, 
caused survival to decline. However, Dickson (1992) recognized that their fish sampling may 
have been insufficient to effectively measure changes in prey abundance, and lower provisioning 
rates during one of these poor years and the absence of two-chick broods in both years suggest 
food stress may have been a factor. Hatch and Hatch (1990) suggested that predation itself is 
rarely a primary determinant of breeding success because it is largely opportunistic and relies on 
a mechanism, such as increased foraging effort, that leaves young exposed to attack. Taken 
together, these previous findings indicate that Red-throated Loons in our study population 
experienced relatively poor prefledging survival that we suggest may be related to availability of 
high quality prey. 
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Energy Delivery and Consumption 
The daily rate of energy delivery was highly variable and energy consumption was 
positively related to brood survival probability during the first week of age, suggesting some 
parents were less successful foragers. It may seem unlikely that some parents were unable to 
meet the energy needs of their broods during this early period when energy requirements of 
growing chicks are typically lowest (Drent and Daan 1980, Weathers 1996). However, young 
loons may have higher energy requirements than chicks of many species because of the greater 
heat loss associated with living in water (Fournier et al. 2002). Also, young loons are unable to 
consume large, wide-bodied fish (Reimchen and Douglas 1984), and digestive efficiency and 
energy storage capacity may constrain the meal size that can be effectively utilized (Suryan et al. 
2002). Therefore, parents must limit the size of prey they deliver and increase delivery frequency 
to meet energy requirements of young chicks. Reimchen and Douglas (1984) found that parent 
Red-throated Loons in the Queen Charlotte Islands delivered prey at higher rates to chicks during 
the first 12 d of age compared to the pre-fledging period average of 11 fish d-'older ages, and 
they suggested that this high delivery frequency of smaller items was most likely to constrain the 
ability of parents to deliver sufficient food. Our measures of average delivery frequency to single- 
chick broods do not strongly suggest that prey were delivered more frequently during the first two 
weeks (week 1 = 9.5 * 1.6 fish d"; n = 11 broods observed; week 2 = 10.7 5 1.4 fish d"; n = 11; 
week 3 = 8.5 + 0.7 fish d-I; n = 13), and this may have increased mortality during the first week. 
It is not clear why some parents were unable to meet their broods' energy needs. 
However, examples exist which suggest that there is a limit to the effort Red-throated Loons are 
willing to put into provisioning. Eberl and Picrnan (1993) found loons that nested in territories far 
from the ocean spent more time on provisioning flights than those nesting close, but that far 
broods were fed less frequently and chick failure was higher. Reimchen and Douglas (1984) also 
reported that parents raising a brood of two only marginally increased delivery frequency, 
resulting in brood reduction. Predation risk associated with being away from the brood may limit 
the amount of time dedicated to foraging (Houston and McNamara 1985), or the willingness of the 
attending adult to depart in the absence of its mate (Regher and Montevecchi 1997). 
Alternatively, if prey conditions are poor, adults may be unable to replenish their own reserves at 
a sufficient rate to fuel an increased effort (Ydenberg 1994). Loons are heavily wing-loaded 
(Norberg and Norberg 1971), and foraging flights and transporting large prey items may represent 
a considerable energy expense (Norberg and Norberg 1976, Norberg 1996). Because the life 
history strategy of Red-throated Loons favours adult survival over reproductive effort, when prey 
conditions are poor, parents would be expected to reduce their provisioning efforts at the expense 
of meeting brood requirements. Brood survival and chick growth (Chapter 3) in our study appear 
to be limited by energy consumption, and prey conditions also may have constrained the ability of 
some parents to acquire prey for themselves at a sufficiently high rate to increase their 
provisioning effort. Beyond the first week of age, parents were able to meet energy demand by 
increasing the size of prey delivered thereby increasing the rate of energy delivery without 
increasing the number of trips performed. It is unclear why we found a negative relationship 
between survival and energy consumption during the second week of age as there is no 
suggestion that parents provisioning at a higher rate were leaving their broods unattended for 
longer period, thereby exposing them to predation. 
Attendance 
We did not find an effect of time unattended on survival probability. However, this does 
not imply that attendance is unimportant. Red-throated Loon chicks are especially vulnerable to 
predation during the first few days following hatch (Dickson 1993). Although terrestrial predators 
likely pose a limited threat, as chicks are able to leave the nest within a day of hatch, young loons 
may not be able to evade avian predators until they are one week old (Dickson 1993, Barr et al. 
2000). Therefore, parents face a high risk of losing their investment if they leave their brood 
unattended. During the first week of age, we found that attendance among broods was generally 
high and that variation in attendance was low compared to weeks 2 and 3, reflecting the 
importance of an attending parent to survival. Other studies of Red-throated Loon report similar 
findings to ours, i.e., high attendance when broods are young and a reduction in attendance with 
age. However, most researchers indicated chicks were rarely left alone during the first two weeks 
of age: in the Shetland Islands, "adults are normally with chicks all the time" (Bundy 1976); in 
Hudson Bay (Davis 1972), and on Bathurst Island (Eberl and Picman 1993), broods were left 
unattended 5 1 % of the time observed. This is in contrast to our attendance data during this 
period. Some broods observed at 14 d of age were never without an adult, while other broods 
were left alone > 30% of the time when < 5 d old, and most broods were unattended for some 
portion of the observation period beyond 10 d of age. Petersen (1976) also reported that two 
Red-throated Loon broods on the Yukon-Kuskokwim Delta, the same region as our study, were 
occasionally left alone after 7 d of age. 
These findings suggest that Red-throated Loons in our study experienced relatively poor 
breeding conditions. One hypothesis is that parents were spending less time with their broods 
because less attendance was required, possibly because the risk of predation was lower on the 
Yukon-Kuskokwim Delta than elsewhere. The predator community commonly reported to prey on 
chicks does not appear to differ between our study region and Hudson Bay (Davis 1972) or 
Bathurst Island (Eberl 1993), although Great Skuas (Catharacta skua) may represent a significant 
threat in the Shetland Islands (Bundy 1976). However, there are no data on the density of 
predators or on predation rates in the different study areas although, contrary to this hypothesis, 
densities of Glaucous Gulls on the Yukon-Kuskokwim Delta appear to have increased 4-5% per 
year since the mid-1 980's (Bowman et al. 2004) suggesting that predation pressure may have 
been at least comparable to other regions. 
An alternative hypothesis is that reduced attendance reflects differences in the prey 
community such that parents in our study may have had greater difficulty acquiring energy at a 
rate similar to other study regions, and subsequently spent a greater proportion of their time 
budget foraging. This response has been reported in Black-legged Kittiwakes (Rissa tridactyla; 
Hatch and Hatch 1990, Wanless and Harris 1992, Kitaysky et al. 2000, Suryan et al. 2000), 
Common Murres (Uria aalge; Bryant et al. 1999), and Pigeon Guillemots (Cepphus columba; 
Litzow and Piatt 2003). In some instances, parents were able to compensate fully with no 
reduction in breeding success (Wanless and Harris 1992, Bryant et al. 1999, Litzow et al. 2002), 
whereas under different, possibly more difficult conditions, compensation may be incomplete and 
reproductive success lower due to reduced energy delivery andlor increased predation (Hatch 
and Hatch 1990, Kitaysky et al. 2000, Suryan et al. 2000, Litzow et al. 2002). The relationship we 
found between energy consumption and survival suggests that foraging conditions were difficult, 
that parents were spending longer periods of time searching for prey, and that some pairs were 
unable to fully compensate, resulting in a reduced rate of energy delivery and increased brood 
mortality. While other studies have found a negative relationship between time unattended and 
brood survival (Hatch and Hatch 1990, Bukacinska et al. 1996, Bukacinski et al. 1998), we did not 
detect such a relationship. We believe this was because, on average, attendance was high when 
chicks were most vulnerable, and because predation relies on opportunity, our sample size may 
have been insufficient to capture its effect, a conclusion also made by Catry and Furness (1999). 
Implications for Red-throated Loon Populations 
Survey data suggest that Red-throated Loon populations in Alaska have increased in 
recent years, although they have yet to return to historic levels (USFWS unpublished data). 
Therefore, prey conditions during our study may not reflect those when loon numbers were 
declining. There are no direct historical data on fish community composition to suggest there has 
been a change in the prey community. However, two studies of Glaucous Gull diets may provide 
some insight. Between 1974 and 1979, the proportion of fish in the diet of gulls declined by 
approximately half (Strang 1976, 1982). This corresponds to the decline in fish captured in the 
Gulf of Alaska (Anderson and Piatt 1999) and the decline in numbers of Red-throated Loons and 
piscivorous seabirds in Alaska (Groves et al. 1996, National Research Council 1996, Piatt and 
Anderson 1996, Agler et al. 1999). This suggests that the quantity of prey available may have 
been insufficient for Red-throated Loons to successfully reproduce. In 1993, following the 1989 
regime shift, the proportion of fish consumed by gulls was similar to levels recorded pre-1977 
(Schmutz and Hobson 1998), although the composition of the diet may have changed. For 
example, Rainbow Smelt (Osmerus mordax), Chinook Salmon (Oncorhynchus tshawytscha), and 
Coregoninae (whitefish) were present prior to 1977 (Strang 1976), but were absent from gull 
samples collected in 1993 (Schmutz and Hobson 1998). Although Rainbow Smelt are not 
particularly energetically valuable (Chapter 2), the difference in gull diet composition between 
studies may indicate overall quality-related changes in the prey community that could be 
important to the reproductive performance of piscivores in general. The findings from this study 
and those of Chapter 3 indicate that current prey conditions are inadequate for high rates of 
productivity, and although it is tempting to conclude that prey shifts have led to the decline of 
Red-throated Loons, more historic data are needed to make rigorous conclusions. 
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Chapter 5 
Have Red-throated Loon numbers in Alaska declined as 
a result of prey-limitations on reproductive success? A 
summary of the evidence. 
I was interested in considering whether regime-shifts in the marine environment and the 
associated prey community are potential mechanisms that might explain the decline observed in 
Red-throated Loon (Gavia stellata) numbers in Alaska. I observed parental provisioning and 
monitored pre-fledging growth and survival among family groups of Red-throated Loons on the 
Yukon-Kuskokwim Delta in western Alaska to determine whether and how differences in energy 
delivery, such as those that would occur under different prey conditions, affect reproductive 
performance. 
Survival and growth of pre-fledged young in this study appear to be lower than have been 
reported elsewhere for this species. During 2002 and 2003, no two-chick broods survived to 
fledge (Chapter 4). This finding contrasts with other studies (Bundy 1976, Gomersall 1986, Okill 
and Wanless 1990, Dickson 1992, Eberl and Picman 1993) in which two-chick broods were 
successfully fledged. Red-throated Loons are long-lived and, based on their life-history 
attributes, parents are expected to adjust their reproductive effort to ensure their own survival. 
Brood reduction is the primary means of reducing reproductive effort when parents are 
constrained in meeting the needs of their chicks (Drent and Daan 1980). In this study, parents 
raising two-chick broods did not increase their rate of energy delivery compared to those raising 
singletons (Chapter 3). There was no difference detected in rate of mass and tarsus growth 
between first-hatched chicks in one and two-chick broods, but all second-hatched chicks grew 
more slowly in comparison. These data suggest that brood reduction was the result of starvation 
of the younger chick, and that prey conditions in this study were inadequate for parents to 
successfully raise a brood of two. 
These results also suggest that energy delivery influenced survival of first-hatched 
chicks. There was a positive effect of energy consumption on brood survival probability during 
the first week of age (Chapter 4). Although absolute energy requirements at this age are low 
compared to older ages (Drent and Daan 1980, Weathers 1996, but see Fournier et al. 2002), 
young loons are unable to consume large prey items (Reimchen and Douglas 1984), and may be 
unable to effectively assimilate large meals (Suryan et al. 2002). Therefore, parents must deliver 
smaller items more frequently, and some pairs were apparently unable or unwilling to sufficiently 
increase their efforts to meet this demand, resulting in brood failure. 
Energy consumption did not positively affect brood survival beyond the first week of age 
(Chapter 4), nor was there strong support for effects of energy consumption on growth 
performance of first-hatched chicks (Chapter 3). However, lower rates of growth, lower body size 
and mass at fledge, a longer pre-fledging period, and a lower survival probability to fledge were 
recorded in this study compared to other studies that have reported survival and growth rates for 
Red-throated Loons (Davis 1972, Bundy 1976, Gomersall 1986, Douglas and Reimchen 1988, 
Dickson 1992, 1993, Eberl and Picman 1993, Barr et al. 2000). The poor performance of first- 
hatched chicks in this study suggests that energy intake was limiting growth, and also may have 
resulted in a higher rate of mortality during the pre-fledging period. Lower fledging mass may 
also have negative repercussions for post-fledging survival (Perrins et al. 1973, Gaston 1997), 
which would further reduce recruitment and numbers of breeding loons over time. 
It is not clear why parents did not increase the rate of energy delivery to their broods. 
One possible explanation is that parents were unwilling to leave their broods unattended because 
of high predation risk. Glaucous Gulls (Larus hyperboreus), a major chick predator, have 
increased in number on the Yukon-Kuskokwim Delta since the mid-1980's (Bowman et al. 2004), 
and this increased risk of predation may have forced parents to reduce energy delivery in order to 
provide protection for their broods. Attendance in this study was generally high during the period 
when chicks are most vulnerable to predators (i.e., week one), but was also more variable during 
this period compared to other published reports for Red-throated Loons (Chapter 4, Davis 1972, 
Bundy 1976, Eberl and Picman 1993). However, there was no effect of attendance on survival 
probability detected, nor was there evidence to suggest that pairs that spent less time in 
attendance delivered higher rates of energy. Instead, parental attendance may reflect differences 
in pair quality and the ability to synchronize activities andlor forage successfully (Bukacinska et 
al. 1996, Catry and Furness 1999). 
Rather than a time constraint on provisioning, prey conditions may have been inadequate 
for parents to increase their own energetic expenditure to deliver energy at a higher rate. This is 
consistent with the life-history strategy of this species, in which reproductive effort is modulated to 
ensure adult survival. Parental response to reduced prey availability varies between species. 
For example, Kitaysky et al. (2000) found that, under poor prey conditions, Black-legged 
Kittiwakes (Rissa tridactyla) parents increased their energy expenditure in order to maintain 
energy delivery and chick growth. This increased effort may have consequences for future 
fecundity and long-term survival (Golet et al. 2004). In contrast, Thick-billed Murres (Uria lomvia) 
parents were unable or unwilling to increase their energetic expenditure and consequently chick 
growth varied in response to prey availability (Kitaysky et al. 2000). It is unclear if Red-throated 
Loons also were unable or unwilling to increase the energy they expended on provisioning, as 
this could not readily be measured in this system. However, there is some evidence to suggest 
that there is a limit to how much Red-throated Loons are willing to increase their provisioning 
efforts (Reimchen and Douglas 1984,1985, Eberl and Picman 1993). Because flight likely 
represents a large metabolic cost, if prey conditions limit the rate at which parents are able to 
replenish their own reserves, this also could limit the number of foraging trips that can be made 
and subsequently the rate of energy delivery to the brood. 
This raises the question as to whether prey in this study area were too poor in energetic 
value and/or too few in number to permit a higher rate of productivity. The range of mean energy 
densities for the fish species in this study is within the range reported in other multi-species 
studies. However, Rainbow Smelt (Osmerus mordax), which in this study was the most abundant 
fish captured by trawl (Chapter 2) and was the predominant species delivered to chicks (56% of 
deliveries identified to a prey category listed in Table 3.1 in Chapter 3), are considered to be 
relatively low-quality prey (Kitaysky et al. 2001). The average dry mass energy density of this 
species was 17.7 kJ g-' (Chapter 2), which is lower than approximately half of the average dry 
mass energy density values of the fish species measured by Van Pelt et al. (1997) and Anthony 
et al. (2000). In addition, those species that exceeded Rainbow Smelt in energetic value in this 
study, Least Cisco (Coregonus sardinella), Nine-spine Stickleback (Pungitius pungitius), and 
Pond Smelt (Hypomesus olidus), were present in very low numbers. This indicates that there was 
a lack of high quality prey items in this study, and that those fish that were available and delivered 
to chicks in significant quantities were relatively low in energetic value. The lack of a high-quality 
prey source has been linked to reduced reproductive performance in a wide range of species 
(see Chapter 1 for a review) and it is possible that the low-energy prey delivered by Red-throated 
Loons in this study had negative repercussions for reproductive success. 
Reduction in availability of fish has been shown to have negative effects on reproductive 
performance in many piscivorous birds (Suryan et al. 2000, 2002, Litzow et al. 2002), including 
Red-throated Loons (Eriksson 1994). During the two years of this study, several fish species, 
including Rainbow Smelt, were captured at higher rates in 2003, and Least Cisco were only 
present and used by loons during this year (Chapter 2). Longer Rainbow Smelt were also 
captured in 2003, and length was found to have strong effects on total energy content (Chapter 
2). These data suggest that prey conditions were better during the second year of this study. 
Effects of year were not included in the growth and survival analyses in part because sample size 
was too small within each year, given the variability in the data. However, there are two lines of 
evidence that suggest that reproduction responded positively to the improvement in prey 
conditions between 2002 and 2003. First, while the majority of loons laid two eggs in both years, 
more two-chick broods were recorded in 2003 (five) compared to 2002 (two), and one second- 
hatched chick in 2003 persisted for most of the pre-fledging period, apparently dying of starvation 
after being abandoned once its older sibling fledged. Second, the point estimate of cumulative 
survival probability from hatch to the earliest age of fledge was slightly higher during the second 
year (2002 = 42% + 24%, 2003 = 56% +_ 24%). 
These results indicate that current prey conditions may be limiting growth and survival of 
Red-throated Loon chicks during the pre-fledging period and suggest a clear mechanisms by 
which productivity would be reduced if prey quantity and/or quality were reduced. The question 
remains as to whether prey conditions were altered in the past as a consequence of regime- 
shifts, and if declines in Red-throated Loon numbers resulted from a subsequent decline in 
productivity. While it is tempting to draw this conclusion, there are no data on changes in the fish 
community or provisioning behaviour of loons from early periods or regimes for comparison. 
However, if the nearshore waters of the eastern Bering Sea follow patterns observed in other 
areas of the North Pacific (Anderson and Piatt 1999), prey conditions have likely been poorer 
during recent decades than in previous periods or regimes. Therefore, the mechanisms identified 
in this study, specifically reductions in chick growth and survival in relation to prey quantity and 
quality, are plausible factors underlying observed population declines. 
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